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Wind-induced loads can cause moderate to large-amplitude vibrations of flexible structures 
with low inherent damping. Structural or fatigue failure that is induced by these vibrations pose a 
significant threat to the safety and serviceability of these structures, and hence important for their 
performance-based design. Flow-induced vibration can be classified as rain-wind induced 
vibration (RWIV), vortex-induced vibration (VIV), wake galloping, dry and ice galloping. This 
study focuses on understanding of the mechanisms that influence the wind-induced vibration 
(galloping and VIV) of structural cables, power-line cables (conductors), and traffic signal 
structures by identifying the aerodynamic or turbulence-induced (buffeting) and aeroelastic or 
motion-induced (self-excited) wind load parameters that facilitate the predictions of their response 
in turbulent wind along with the critical wind speed for incipient instability. In this regard, a series 
of wind tunnel experiments using static and dynamic section models of cylinders and signal-light 
units were performed to measure the aerodynamic and aeroelastic forces under uniform and 
smooth/gusty flow conditions using the Aerodynamic-Atmospheric Boundary Layer (AABL) 
Wind and Gust Tunnel located in the Department of Aerospace Engineering at Iowa State 
University. Different combinations of wind speed components, surface pressures, loads and 
response were measured. The mean aerodynamic force coefficients and vortex-shedding frequency 
(𝑓𝑠) were measured. Self-excited and buffeting wind load parameters were identified for yawed 
and non-yawed single cable and conductor using a free-vibration suspension system and a gust 
generator setup. Static and dynamic measurements on cylinder models that are representative of 
cables and signal-light units resulted in proposing empirical equations for estimating the mean 
aerodynamic force coefficients, Strouhal number, flutter derivatives and buffeting indicial 





smooth cable was determined based on Scruton number and yaw angle that compares well with 
past studies. Additionally, a design procedure was introduced to predict the minimum required 
damping to arrest dry-cable galloping of cables and conductor from occurring below the design 
wind speed. Flow around a yawed circular cylinder with smooth and grooved surfaces in the wake 
of another cylinder in a tandem arrangement and with iced surface was also investigated. In another 
study, the response of an inclined cable in yawed wind was studied through wind tunnel test of an 
aeroelastic model of the cable for better understanding of the vibration characteristics of a 
structural cable in atmospheric boundary layer wind. Six cases with and without cable sag were 
studied to investigate the wind directionality effect on excitation mode(s) and response amplitudes 
of the cable model. Experimental results showed that vibration mode(s) of the cable mainly depend 
on wind speed, inclination angle, and sag ratio of the cable. While first, second, and third vibration 
modes of the cable contributed to the response at low wind speeds for different cases, higher modes 
contributed at high wind speeds. Moreover, measured cable force showed that the cable tension 
significantly increases with wind speed resulting in increased natural frequency of the cable. For 
the traffic signal structure, a method was developed in time domain to predict its 2DOF response 
in normal or yawed wind by using the wind loads that were generated with measured aerodynamic 
load parameters of the mast arm with circular section and signal-light units. The tip response of 
the mast arm and the maximum stress at its joint were calculated for a given signal structure and 
validated with field measurements. Numerical results indicated that yawed wind below a speed of 
9 m/s from the backside of the signal light and vortex shedding of the mast arm are the primary 
reasons of large-amplitude vibration, and the calculated maximum stress exceeds the endurance 
limit that can cause fatigue failure over time. Additionally, a modified signal light design was 





 CHAPTER 1. INTRODUCTION 
 
1.1 Motivation and objectives  
In this research, the effect of wind loads was studied on two structures including structural 
cable and traffic signal structure by performing a series of wind tunnel experiments and numerical 
analyses. The following sections separately review the motivations and objectives of this two-part 
study.  
Structural cables: The first goal of this research was to improve the resilience of cables 
used in cable-supported structures and high-voltage power transmission lines to hazards that are 
posed by moderate to extreme wind or an ice-wind combination. The extreme conditions originate 
by thunderstorms, snowstorms, gust fronts, hurricanes, downbursts, or tornadoes. Cables are often 
used in groups/bundles for a variety of engineering applications such as cable bridges (e.g. cable-
stayed, suspension, and tied-arch), suspended roofs, guyed lattice towers, and power transmission 
lines. These cables, particularly the longer ones, are prone to large-amplitude vibrations in wind 
due to their low inherent structural damping (<0.5%). The vibration mechanisms involve complex 
aeroelastic (motion-induced) interactions depending on the spatial orientation, geometry, surface-
characteristics, and dynamic properties of cables. Large-amplitude vibrations can lead to either 
catastrophic or fatigue failure of cables and/or adjoining structure, which poses a significant threat 
to the safety and serviceability of these systems. Such damages inducing conditions arise in wind 
alone and in wind with precipitation (rain or ice). Past studies on wind-cable dynamic interaction 
with and without precipitation that were based on wind tunnel tests are mostly restricted to the 
individual cable in a smooth (or with low-turbulence), stationary, and spatially uniform wind. 





and vibrating in a single vertical plane. Only a limited number of studies related to the 
aerodynamics of single and group cables have been performed at moderate to high wind speeds 
where large-amplitude vibration (velocity restricted or divergent) can occur. There is a clear need 
for an accurate aerodynamic/aeroelastic load model that can be used to predict the dynamic 
response of dry- or iced cables in turbulent/transient wind associated with extreme wind hazards. 
In this study, the aim is to conduct some synergistic experimental and numerical researches to 
investigate the galloping of dry and/or iced cables leading to address these existing gaps. This 
study involves wind tunnel experiments using section models and aeroelastic models of single 
and/or multiple cylinders representing bare-cables and iced-cables subject to yawed turbulent flow. 
This research will pursue the following objectives that are aimed at filling critical gaps in the 
existing knowledge. 
1- Understanding the aerodynamic behavior of structural cables in single and tandem arrangement 
and power transmission lines (conductors) by conducting wind tunnel tests in the static condition 
at moderate to high wind speeds and yawed flow condition.  
2- Studying the dynamic loads and response of single cable and conductor by conducting wind 
tunnel tests to predict their dynamic response in the field conditions.   
3- Developing a robust time-domain analytical model for design applications that can predict the 
dynamic loads and response during “galloping” of a stay cable and conductor in yawed and ABL 
wind and extreme windy/icy conditions. 
Traffic signal structure: Traffic signal structures, commonly used to control traffic, have 
exhibited fatigue failure due to wind-induced vibration in their connections. These simple 
structures include vertical support, a tapered mast arm fixed to the vertical support, and several 





is highly flexible with frequencies as low as 1 Hz, lightly damped structures with critical damping 
as low as 0.15%-0.5% that have the propensity to vibrate under wind-induced loads resulting in 
structural or fatigue failure. Structural failure might happen under high winds such as tornadoes, 
hurricanes, or other extreme wind events while fatigue failure occurs during the lifetime of the 
structure due to moderate- to large-amplitude vibrations in steady winds of 4.5-13.4 m/s (10-30 
mph) (Pulipaka et al., 1998) or under truck-induced gusts (Kaczinski, M., Dexter, R., Van Dien, 
1998). Wind-induced motion can be originated by vortex shedding, turbulence (buffeting), natural 
wind gusts, or galloping. The estimate is that there are more than three million publically owned 
cantilevered sign, signals, and light support structures in the United States and every year 
numerous failures are observed in these structures. NCHRP 412 stated that approximately half of 
the reporting states experienced fatigue problems with traffic structures (Gu et al., 2000). To 
understand the vibration source of traffic signal structures, the following statements address the 
objectives studied in this research.  
1- Measuring the aerodynamic forces of signal light units and mast-arm using wind tunnel 
experiments. 
2- Identification of aeroelastic wind load parameters acting on the signal structure. 
3- Providing a new methodology to study the wind-induced response of a traffic signal structure 
based on numerical simulation of the upstream wind and sectional aerodynamic properties.  
4- Proposing a mitigation solution to arrest the large-amplitude motion of the actual signal 
structure.  
1.2 Background 
Wind-induced loads on cables, which can lead to its aerodynamic instability, can be 





2017a), vortex-induced vibration (VIV) (Chen et al., 2015; Fu et al., 2014; Park et al., 2017), ice 
galloping (Foti and Martinelli, 2018; Gurung et al., 2002; Yan et al., 2013), wake galloping (He et 
al., 2018a; Tokoro et al., 2000a), and dry galloping (Benidir et al., 2018; Demartino and 
Ricciardelli, 2018a; Piccardo et al., 2017; Tanaka et al., 2016; Vo et al., 2017). Suspension cables 
that are used in cable-stayed or tied-arch bridges, suspended roofs and power transmission lines 
can experience moderate to large-amplitude vibration in the extreme wind because of their low 
inherent damping. Structural and fatigue failure of a cable due to this large-amplitude response are 
significant threats to the safety and serviceability of these structures. Although there have been a 
number of experimental and numerical studies on RWIV and VIV, the dry-cable galloping of 
inclined/yawed cables has not been fully explored. In fact, the biggest challenge for cables that 
have very low damping (<0.5%) is to determine the additional damping required to suppress the 
large-amplitude vibrations within their design wind speed. Past studies have shown that dry-cable 
galloping primarily occurs due to the mitigation of Karman vortex shedding generated from axial 
flow behind yawed cables. Matsumoto et al. (2005a) showed that dry-cable galloping can occur 
when there is an artificial axial flow behind the cable that disrupt the interaction of the vortices 
shed alternately from either side of the cable. In general, galloping can be divided into two types: 
divergent-type galloping, also named as conventional or classical galloping, and unsteady 
galloping. The first type, which is explained by quasi-steady theory, mainly originates from 
suppression of Karman vortices under stationary conditions, and the second type happens when 
Karman vortices are not fully mitigated by the axial flow and exhibit some amount of unsteady 
response with non-stationary amplitude. To determine the onset of divergent response leading to 
dry-cable galloping,  an empirical criterion based on wind tunnel experiments is usually used that 
is defined as 𝑅𝑉𝑐𝑟 = 𝑐𝑆𝑐





𝑆𝑐 is the Scruton number of the cable. Honda et al. (1995) specified 𝑐 = 54 and p= 2/3, and Irwin 
(P, 1997) defined the constants as 𝑐 = 35 and 𝑝 = 1/2. Another way to determine the critical 
reduced velocity is based on aerodynamic damping expressed in terms of flutter derivatives of a 
cable section particularly 𝐻1
∗ which determines the aerodynamic damping in a vertical plane of 
vibration. It can be shown that dry-cable galloping occurs when aerodynamic damping 





4𝑆𝑐 (Matsumoto, 2005a). Although other instability criteria have been introduced, e.g. FHWA 
(Federal Highway Administration of U.S.) (Kumarasena, 2007) and Saito (Saito T, Matsumoto M, 
1994), who previously proposed formulae or instability boundaries, there is no specification of the 
criteria corresponding to specific yaw and/or inclination angles of a cable.  
Flow over twin circular cylinders has been extensively studied in the past (Sumner et al., 
1999; Tsutsui, 2012; Zdravkovich, 1987, 1977) due to its wide applications such as heat 
exchangers, cooling systems, offshore structures, marine risers, buildings, struts, grids, bridge 
piers, periscopes, chimneys, towers, power transmission lines, and bridge cables (Sumner, 2010; 
Zhou and Mahbub Alam, 2016). The arrangement of twin cylinders depending on the flow 
direction is classified as tandem, staggered, and side-by-side arrangements. For parallel cylinders, 
when the fluid flow passes the first cylinder (upstream), the vortex shedding generated by the first 
cylinder can influence not only itself, but also the second cylinder (downstream) by generating 
unsteady fluid forces leading to vortex- or wake-induced vibration. These flow-induced vibrations 
can result in fatigue damage or stress-induced failure of the cylindrical structure or its components. 
Although the flow characteristics passing over single and tandem cylinders (smooth) in normal 
flow have been widely investigated by using wind tunnel experiments (Gao et al., 2017; Jafari and 





and numerical simulations (Alam et al., 2018; Braun and Awruch, 2005; Wu et al., 2018), the 
aerodynamics of yawed smooth and yawed grooved cylinders in a tandem arrangement has not 
been fully studied. Past studies on single yawed cylinder or cable have shown that an axial flow is 
produced behind the yawed cylinder in its wake interrupting the communication of vortex shedding 
from the top and bottom surfaces of the cylinder (Matsumoto et al., 2010, 1990).  
Dry and ice galloping of power transmission lines occur at low frequency (0.1-3 Hz) that 
result in large-amplitude vibration ranging from 5~100 times of the conductor diameter (Lee, 
2011). This large amplitude vibration can cause catastrophic damages such as flashover, wire 
burning, tripping, tower collapse, accident, interphase short circuit, and structural or fatigue failure 
of transmission towers or conductors (Matsumiya et al., 2018). Although ice galloping of 
conductors has been given more importance than dry galloping because it occurs at lower wind 
speeds than the latter due to ice accretion, conductors are also prone to a large-amplitude vibration 
owing to dry galloping. Parameters that significantly influence the onset of ice galloping are wind 
speed and wind direction, ice size and shape, and conductor properties. This type of galloping 
occurs when ice accumulates on the conductor’s windward (front) side at wind speeds ranging 
from 4 to 20 m/s. As a result of ice accretion, the cross section of the conductor gets altered that 
leads to unstable aerodynamic loads on the conductor to cause large-amplitude vibration known 
as ice galloping. Although there are a number of studies on ice formation over a conductor’s 
surface in different atmospheric conditions, ice galloping of conductors has not been fully studied 
to determine the primary mechanisms and onset conditions of its vibration. In this study, dry and 
ice galloping of power transmission lines in normal and skewed winds were investigated by 
performing static and dynamic tests on model conductors in a wind tunnel to measure their 





onset of dry- and ice-conductor galloping and the required tool to predict the vibration of a 
conductor at a given wind speed.  
Traffic signal structures, commonly used to control traffic, have exhibited fatigue failure 
due to wind-induced vibration in their connections. These simple structures include a vertical 
support, a tapered mast arm fixed to the vertical support, and several signal light units fixed along 
the length of the mast arm. These structures, with natural frequencies of around 1 Hz or less and 
low mechanical damping of less than 1%, resulting in large amplitude vibrations under wind 
excitation. These large amplitude vibrations may lead to fatigue failure in welded connections due 
to wind-induced vibration in both vertical and horizontal directions, threatening public safety and 
requiring notable financial expenses to repair and replace them. Many studies have been conducted 
for developing vibration mitigation devices such as impact (Cook et al., 2001), viscous (Cook et 
al., 2001; Ones et al., 2011), and tuned-mass dampers (Christenson, R.E., Hoque, 2011) to increase 
the fatigue life of these structures. However, only a few studies have been carried out using full-
scale measurement or wind tunnel tests to explore the main source of vibration of these structures. 
Additionally, the developed vibration mitigation devices are limited in use based on the frequency 
bandwidth that require tuning from one structure to another. This study proposes a fundamental 
study on determining the contributions of the mast arm and signal lights to vibration of such 
structures, which led to the modifications of the signal lights to decrease or eliminate the large 









Table 1.1 Comparison of different types of wind-induced cable and conductor vibration (Doocy ES, 
Hard AR, Ikegami R, 1979; Tokoro et al., 2000b). 




    f =  0.6-3.5Hz 
  A/D < 0.02 
 UVS = 1– 3.5 m/s 
 𝑆𝑡(𝛽 = 0) = 0.2 
 No concern for small diameter cables 
 
 f = 3 – 150 Hz 
 UVS =  1– 7 m/s, steady wind 
 A/D = 0.05 – 0.5 
 𝑆𝑡(𝛽 = 0) = 0.2~0.23  
   Bare or uniformly iced surface 




 Moderate amplitude, A/D=2 
 f =1–3Hz 
 URWIV =  4-18 m/s 
 Rain with yawed wind 
 Critical angle of rivulet: 65-75º 
 Limited research on this topic 
Dry galloping 
( DG) 
 Low frequency  
 High amplitude (A) 
 Moderate to high wind speed 
 Critical yaw angle range (𝛽): 30-60º 
 Critical inclination angle (θ): 45-60º 
 Critical cable-wind angle (Φ): 75-90º 
 Limited research on this topic 
Ice galloping 
(IG) 
 Large amplitude (A) 
  Low frequency  
 Moderate to high wind 
 Limited research on this topic  
 f = 0.08 – 3 Hz 
 A/D = 2.5 – 150D 
 UIG = 7 – 18 m/s, steady wind 
 All type of conductors 




 Moderate wind speed (UWG ≥UVS)  
 Moderate amplitude 
 Critical 𝑇∗=4–6.5 
 Instability for downstream cable 
 f = 0.15 – 10 Hz 
 A/D = 0.25 – 40 (rigid-body mode); 
 0.25 – 10 (subspan mode) 
 Low wind speed (UWG ≥UVS) 
 Critical 𝑇∗=10–20 
 Bare or uniform ice bundled conductors 
1.3 Thesis organization 
The current dissertation is written in the formation of “Thesis Containing Journal Papers”. 
The dissertation includes five manuscripts out of which three are submitted and under review, and 
two papers are published. In addition, a general introduction chapter appears at the beginning and 
a general conclusion chapter appears at the end of the dissertation.  
The first paper, published in the Journal of Engineering Structures, appears as the second 
chapter of this dissertation and is titled, “Parameter identification of wind-induced buffeting loads 





governing the turbulence-induced (buffeting) and motion-induced wind loads (self-excited) for 
inclined and yawed dry cables have been identified. These parameters facilitate the prediction of 
their response in turbulent wind and estimate the incipient condition for onset of dry-cable 
galloping. Wind tunnel experiments were performed to measure the parameters governing the 
aerodynamic and aeroelastic forces on a yawed dry cable. This study mainly focuses on the 
prediction of critical reduced velocity (𝑅𝑉𝑐𝑟) as a function of equivalent yaw angle (
*) and 
Scruton number (Sc) through measurement of aerodynamic- damping and stiffness. Wind tunnel 
tests using a section model of a smooth cable were performed under uniform and smooth/gusty 
flow conditions in the AABL Wind and Gust Tunnel located at Iowa State University. Static model 
tests for equivalent yaw angles of 0º to 45º indicate that the mean drag coefficient (𝐶𝐷) and 
Strouhal number (𝑆𝑡) of a yawed cable decreases with the yaw angle, while the mean lift 
coefficient (𝐶𝐿) remains zero in the subcritical Reynolds number (Re) regime. Dynamic one 
degree-of-freedom model tests in across-wind and along-wind directions resulted in the 
identification of buffeting indicial derivative functions and flutter derivatives of a yawed cable for 
a range of equivalent yaw angles. Empirical equations for mean drag coefficient, Strouhal number, 
buffeting indicial derivative functions and critical reduced velocity for dry-cable galloping are 
proposed for yawed cables. The results indicate a critical equivalent yaw angle of 45° for dry-cable 
galloping. A simplified design procedure is introduced to estimate the minimum damping required 
to arrest dry-cable galloping from occurring below the design wind speed of the cable structure. 
Furthermore, the results from this study can be applied to predict the wind load and response of a 
dry cable at a specified wind speed for a given yaw angle. 
The second paper, published in the Journal of Wind Engineering and Industrial 





simulation method in time domain to study wind-induced excitation of traffic signal structures and 
its mitigation”. This study focuses on developing a generalized method to predict the coupled 
across- and along-wind responses of a traffic signal light structure in normal or yawed wind by 
combining the aerodynamic properties of such a multi-component structure with a numerical 
simulation technique to generate wind loads and resulting responses in the time domain. The 
methodology and data presented here can be applied to any signal structure to explore its dynamic 
behavior, estimate its fatigue life and devise mitigation means such as dampers. The tip response 
of the mast arm and the maximum stress at its joint were calculated for a given signal light structure 
and validated with field measurements to demonstrate the methodology for a range of wind speeds 
and yaw angles. Results indicate that yawed wind below a speed of 9 m/s from the backside of the 
signal light and vortex shedding of the mast arm are the primary reasons of large-amplitude 
vibration, and the maximum stress exceeds the endurance limit that can cause fatigue failure over 
time. A modified signal light design to mitigate this problem is proposed. 
 
The third paper, submitted to the Journal of Wind and Structures, appears as the fourth 
chapter of this dissertation and is titled “Wind tunnel study of wake-induced aerodynamics of 
parallel stay-cables and power conductor cables in a yawed flow”. In this paper, wake-induced 
aerodynamics of yawed circular cylinders with smooth and grooved surfaces in a tandem 
arrangement was studied. These pair of cylinders represent sections of stay-cables with smooth 
surfaces and high-voltage power conductors with grooved surfaces that are vulnerable to flow-
induced structural failure. The study provides some insight for better understanding of wake-
induced loads and galloping problem of bundled cables. All experiments in this study were 
conducted using a pair of stationary section models of circular cylinders in a wind tunnel subject 





of the downstream model were extracted from the surface pressure distribution. For measurement, 
polished aluminum tubes were used as smooth cables; and hollow tubes with a helically grooved 
surface were used as power conductors. The aerodynamic properties of the downstream model 
were captured at wind speeds of about 6-23 m/s (Reynolds number of 5×104 to 2.67×105 for 
smooth cable and 2×104 to 1.01×105 for grooved cable) and yaw angles ranging from 0º to 45º 
while the upstream model was fixed at various spacing between the two model cylinders. The 
results showed that the Strouhal number of yawed cable is less than non-yawed case at a given 
Reynolds number, and its value is smaller than the Strouhal number of single cable. Additionally, 
compared to the single smooth cable, it was observed that there was a reduction of drag coefficient 
of the downstream model, but no change in drag coefficient of the downstream grooved case in 
the range of Reynolds number in this study. 
The fourth paper, submitted to the Journal of Sound and Vibration, appears as the fifth 
chapter of this dissertation and is titled “Identification of wind-load parameters to predict response 
and onset of dry and ice galloping of power transmission lines”. This study primarily focuses on 
the predictions of time-domain response and onset of dry- and ice-conductor galloping by 
measuring the self-excited and buffeting load parameters of the bare conductors and conductors 
with ice formation in normal and yawed wind. In this regard, a series of static and dynamic wind 
tunnel experiments were performed to fundamentally study the conductor vibration in dry and ice 
conditions. Surface pressure distribution and aerodynamic forces were measured for stationary 
section models of non-yawed and yawed dry conductors in a smooth flow, and the dynamic 
response of a dry and iced conductor using a one-degree-of-freedom system was recorded by 
employing a free vibration setup to extract self-excited load parameters. Buffeting load parameters 





for different yaw angles. The experiments resulted in identification of the Strouhal number (𝑆𝑡), 
aerodynamic load coefficients (𝐶𝐷 , 𝐶𝐿), buffeting indicial derivative functions, aerodynamic 
stiffness, and aerodynamic damping of a conductor for yaw angles (𝛽) ranging from 0º to 45º. 
Dynamic tests led to proposing of  several empirical equations to determine the critical reduced 
velocity (𝑅𝑉𝑐𝑟) or critical wind speed for dry and ice galloping of conductors at a given Scruton 
number (𝑆𝑐ℎ) and  yaw angle. Finally, a procedure was proposed to calculate the least damping 
required to suppress the conductor galloping under dry or iced conditions up to the design wind 
speed. The wind load parameters identified in this study can be used to numerically simulate the 
dynamic load and response in time domain of dry and iced conductors in turbulent wind. 
The fifth paper submitted to the Journal of Engineering Structures is presented as the sixth 
chapter of this dissertation and is titled “Wind-induced response characteristics of a yawed and 
inclined cable in ABL wind: experimental- and numerical-model based study”. In the present 
study, wind-induced response of an inclined smooth cable was studied through wind tunnel 
measurement using a flexible cable model for better understanding of the vibration characteristics 
of structural cables in atmospheric boundary layer wind. For this purpose, in-plane and out-of-
plane responses of a sagged and non-sagged flexible cable was recorded by four accelerometers. 
Four cases with different yaw and inclination angles and approximate sag ratios of 1/10 were 
studied to investigate the wind direction effect on excitation mode(s) and response amplitude. 
Cable tension was also measured during all experiments to assess the correlation of wind speed, 
excited mode, and natural frequency of cable due to cable force changes. Additionally, two non-
sagged cables were tested to determine the influence of sag ratio on vibration characteristics of an 
inclined flexible cable. In the second part of this study, a series of finite element analyses were 





results showed that excitation mode(s) mainly depend on wind speed, inclination angle, and sag 
ratio or cable tension. First, second, and third vibration modes were observed at low wind speed 
for different cases, and higher modes contributed to the response at high wind speed. Moreover, it 
was found that the cable tension significantly increases with wind speed resulting in increased 
value of the excited natural frequency. Numerical results showed that the proposed criteria that are 
based on section model can underestimate the critical reduced velocity in which dry galloping 
occurs.  
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Abstract 
Cables of suspension, cable-stayed and tied-arch bridges, suspended roofs, and power 
transmission lines are prone to moderate to large-amplitude vibrations in wind because of their 
low inherent damping. Structural or fatigue failure of a cable, due to these vibrations, pose a 
significant threat to the safety and serviceability of these structures. Over the past few decades, 
many studies have investigated the mechanisms that cause different types of flow-induced 
vibrations in cables such as rain-wind induced vibration (RWIV), vortex-induced vibration (VIV), 
iced cable galloping, wake galloping, and dry-cable galloping that have resulted in an improved 
understanding of the cause of these vibrations. In this study, the parameters governing the 
turbulence-induced (buffeting) and motion-induced wind loads (self-excited) for inclined and 
yawed dry cables have been identified. These parameters facilitate the prediction of their response 
in turbulent wind and estimate the incipient condition for onset of dry-cable galloping. Wind tunnel 
experiments were performed to measure the parameters governing the aerodynamic and aeroelastic 
forces on a yawed dry cable. This study mainly focuses on the prediction of critical reduced 
velocity (𝑅𝑉𝑐𝑟) as a function of equivalent yaw angle (
*) and Scruton number (Sc) through 
measurement of aerodynamic- damping and stiffness. Wind tunnel tests using a section model of 
a smooth cable were performed under uniform and smooth/gusty flow conditions in the AABL 
Wind and Gust Tunnel located at Iowa State University. Static model tests for equivalent yaw 





yawed cable decreases with the yaw angle, while the mean lift coefficient (𝐶𝐿) remains zero in the 
subcritical Reynolds number (Re) regime. Dynamic one degree-of-freedom model tests in across-
wind and along-wind directions resulted in the identification of buffeting indicial derivative 
functions and flutter derivatives of a yawed cable for a range of equivalent yaw angles. Empirical 
equations for mean drag coefficient, Strouhal number, buffeting indicial derivative functions and 
critical reduced velocity for dry-cable galloping are proposed for yawed cables. The results 
indicate a critical equivalent yaw angle of 45° for dry-cable galloping. A simplified design 
procedure is introduced to estimate the minimum damping required to arrest dry-cable galloping 
from occurring below the design wind speed of the cable structure. Furthermore, the results from 
this study can be applied to predict the wind load and response of a dry cable at a specified wind 
speed for a given yaw angle.  
Keywords: Dry-cable galloping; Yawed cylinder; Wind-induced cable vibration; Section model 
tests; Flutter derivatives; Indicial functions. 
2.1 Introduction 
Cables of suspension, cable-stayed and tied-arch bridges, suspended roofs and power 
transmission lines can experience moderate to large-amplitude motions in windy conditions 
because of their low inherent damping. Structural or fatigue failure of a cable, as a result of these 
motions, are significant threats to the safety and serviceability of these structures. There are several 
different types of wind-induced cable vibration such as rain-wind-induced vibration (RWIV) 
(Chen et al., 2017; Ge et al., 2018; Jing et al., 2017), vortex-induced vibration (VIV) (Chen et al., 
2015; Fu et al., 2014; Park et al., 2017), iced-cable galloping (Foti and Martinelli, 2018; Gurung 





galloping (Benidir et al., 2018; Demartino and Ricciardelli, 2018; Piccardo et al., 2017; Tanaka et 
al., 2016; Vo et al., 2017). Although there have been many experimental and numerical studies 
related to conventional wind-induced cable vibration, the conditions for onset of dry-cable 
galloping have not been consistently determined for inclined/yawed cables. In fact, the biggest 
challenge for cables is to determine the additional damping required to suppress large-amplitude 
vibrations within their design wind speed. Past studies have shown that dry-cable galloping 
primarily occurs due to mitigation of Karman vortex shedding generated from axial flow behind 
yawed cables. Matsumoto et al. (2005) showed that dry-cable galloping can occur when there is 
an artificial axial flow behind the cable. In general, the phenomenon of galloping can be divided 
into two types: divergent-type galloping (conventional or classical galloping) and unsteady 
galloping. The first type, explained using quasi-steady theory, is mainly due to suppression of 
Karman vortices under stationary conditions, and the second type occurs when Karman vortices 
are not fully mitigated by axial flow and exhibit some amount of unsteady response with non-
stationary amplitude. To specify the onset of divergent response to dry-cable galloping, the 
proposed empirical criterion based on wind tunnel experiments is the critical reduced velocity, 
RVcr=cScp, where c and p are constants, and Sc=mζ/ρD2 is the Scruton number. Honda et al. 
(1995) specified c=54 and p=2/3, and Irwin (1997) defined the constants as c=35 and p=1/2. 
Another way to determine the critical reduced velocity is based on aerodynamic damping 
expressed in terms of flutter derivatives of a cable section, particularly 𝐻1
∗ that determines the 
aerodynamic damping in a vertical plane of vibration. It can be shown that dry-cable galloping 





= 4𝑆𝑐 (Matsumoto, 2005). Although other instability criteria have been introduced, 





previously proposed formulae or instability boundaries, there has no specification of the criteria 
corresponding to the yaw and/or inclination angle of a cable. In this paper, a criterion for dry-cable 
vibration is presented through the prediction of critical reduced velocity (RVcr) as a function of 
yaw angle (β) and Scruton number (Sc) of cables based on wind-tunnel measurements of their 
aerodynamic damping and aerodynamic stiffness. 
Aerodynamics of cables have been widely investigated using both experimental and 
numerical techniques because significant damage in cables has been reported in suspension/cable-
stayed bridges. Cheng et al. (2008a, 2008b) experimentally investigated the effects of some 
parameters, including Reynolds number, surface roughness, and wind speed on yawed/inclined 
dry-cable galloping. They indicated that the most divergent motions occurred when Scruton 
number and wind speed were 0.88 and 32 m/s, respectively. Duy et al. (2014) studied dry-cable 
galloping by conducting experimental tests, and they illustrated the effects of spiral wire on smooth 
cable surfaces. Dynamic experiments showed that divergent galloping occurs only for yawed 
angles of 30o to 60o. Matsumoto et al. (2010) described the underlying mechanisms of dry-cable 
galloping for wind-induced vibration through a series of experimental tests that employed splitter 
plates with various perforation (or porosity) ratios placed behind the cable in its wake to control 
the Karman vortices. These results illustrated that the intensity of a Karman vortex decreases and 
divergent galloping arises when the perforation ratio decreases. Katsuchi and Yamada (2009) 
carried out wind tunnel experiments to investigate galloping phenomenon of dry-cables along the 
vertical direction. They showed that dry galloping occurred for both indented and smooth surfaces. 
Benidir et al. (2015) conducted a series of experimental tests to determine influence of roughness 
and circularity defects on instability of dry-cable galloping, with Reynolds number in the 





Boujard (2009) measured the pressure distribution around cables at different yawed angles and 
concluded that one solution for mitigating the vibration is to increase the surface roughness. Hence, 
using helical wires on cables is not only beneficial with respect to rain-wind induced vibration, but 
also helpful with respect to dry-cable galloping. Kleissl and Georgakis (2011) studied the effect of 
helical fillets and pattern-indented surfaces on the aerodynamics of yawed cable. They employed 
oil visualization tests to demonstrate the difference between the aerodynamics of yawed cable with 
helical fillets and those with pattern-indented surfaces. Ma et al. (2015) investigated the effect of 
Reynolds number on dry galloping by modeling cylinders with semi-elliptical cross-sections. They 
determined that a semi-elliptical cross section causes instability of aerodynamic forces, and this 
explains why dry-cable galloping occurs in yawed/inclined cables. Nikitas and Macdonald (2015) 
studied the aerodynamic characteristics of dry-cable galloping by performing wind tunnel 
experiments. They found unsteady behavior in the critical Reynolds number range, and indicated 
that inclination angles were the most important parameters affecting this phenomenon.   
Macdonald and Larose (2006) derived a theoretical formulation of dry-cable galloping 
using quasi-steady theory to simplify the equations and derive formulae for such a three-
dimensional phenomenon. They provided an equation to calculate aerodynamic damping that was 
very useful for determining stability or instability of a yawed/inclined cable under dry conditions. 
Raeesi et al. (2013) studied theoretically dry-cable galloping, and they revealed the effect of 
unstable/turbulent flow on computing the aerodynamic damping ratio. They applied their method 
to evaluate the aerodynamic stability of stay-cables in a cable-stayed bridge in unsteady wind, 
where their results satisfactorily predicted aerodynamic instability. Wu et al. (2017) used 
computational fluid dynamics (CFD) methods in a high accuracy model to simulate fluid flow over 





experimental data that were in a good agreement. Yeo and Jones (2009) studied the effect of yawed 
angle on dry-cable galloping using numerical simulation. They carried out their modeling for 
different angles from 0o to 60o, applied a DES model for simulation, and concluded that the 
strength of Karman vortices diminishes at increasing yaw angles.   
This paper focuses on dry-cable galloping by conducting static and dynamic wind tunnel 
experiments on section models of smooth cylinders representing a section of cables under uniform 
and smooth flow conditions. The twist or torsional motion of the cable that would be important to 
consider for cables with non-circular cross section as in iced cables (2009) is neglected here in the 
dynamic analysis of smooth cables. Static data led to proposing empirical equations for drag 
coefficient and Strouhal number as functions of yaw angle. To define self-excited and buffeting 
loads, flutter derivatives and buffeting indicial derivative functions were extracted for different 
yaw angles using a free vibration system and a gust generator, respectively. All experiments were 
carried out in one-degree-of-freedom vertical motion (h) of a section model of a cable at yaw 
angles ranging from 0º to 45º; since real cables experience vibration due to dry-cable galloping 
along an inclined plane with a significant vertical component that plays a critical role in their 
instability. The maximum yaw angle of 45º for the tests was chosen because it was determined to 
be the critical yaw angle for dry-cable galloping of horizontal cables (2005). Since finding the 
required damping to prevent dry-cable galloping has been a challenge for many years, a practical 
design procedure is introduced based on the experimental results to estimate the required damping 
at a given design wind speed. Moreover, these results can be applied to simulate the vibration of a 
dry smooth cable in turbulent wind with mean wind speeds outside the lock-in range of vortex-
induced vibration, where the mean wind speed and mean wind direction change with height in the 






2.2.1 Equations of motion 
In general, wind loads that act on a structure can be classified as static and dynamic for the 
purpose of analysis. Dynamic loads are important because they can cause structural fatigue or 
failure over long or short periods. The dynamic loads are defined either in frequency- or time-
domain. While equations of motion of a structure under wind loads can be written for all three 
degrees of freedom of the structure, two lateral and one torsional directions, only along-wind and 
across-wind motions are considered important for a cable because torsional motion is negligible 
compared to others. External wind loads on a cable cross-section can be divided into vortex 
shedding, buffeting, and self-excited loads. Figure 2.1 shows dynamic wind loads and velocity 
components for a circular section of a cable. The equations of motion for across-wind or vertical 
(h) and along-wind or lateral (p) motions can be written as follows: 
 
Figure 2.1: Schematic view of dynamic wind loads and velocity components over a smooth cable.  
 












where m is mass per unit length, h and p are vertical and lateral displacements, 𝜔ℎ and 𝜔𝑝 are 





buffeting, and vortex shedding-induced loads per unit length of a cable; 𝑈 is mean wind speed 
while u(t) and w(t) are along-wind and across-wind turbulence components, normal to the cable 
axis. Different system identification methods can be applied to extract the parameters of each of 
the above wind load components using a section model of a yawed cable that can then be employed 
to calculate the dynamic wind loads for the real cable. Since vortex-shedding induced vibration 
(VIV) of cables produce low amplitude motions compared to other types of wind excitation and 
occurs over a narrow range of wind speeds, self-excited and buffeting loads are only considered 
in this study, as briefly described in the following sections. 
In this study, a free vibration test was used to identify the flutter derivatives (FD) of a cable. 
Flutter derivatives have been widely used to find the flutter wind speed of different structures, 
mainly long-span bridges, and many studies have been conducted to extract flutter derivatives 
using section models. Flutter derivatives associated with vertical and lateral motions are listed in 
Table 2.1. More descriptions about self-exited and buffeting loads are presented in Appendix A 
and B.  
Table 2.1 Flutter derivatives (FDs) associated with vertical and 
lateral motions of a cable. 
 Degree of freedom (DOF) FDs 
1 1DOF vertical (h) 𝐻1
∗, 𝐻4
∗ 
2 1DOF lateral (p) 𝑃1
∗, 𝑃4
∗ 











2.3 Experimental setup 
According to the literature, dry-cable galloping occurs mostly in inclined cables above a 
critical wind speed within a certain range of yaw angles. The past few studies (Duy et al., 2014; 





equivalent to an inclined cable based on the definition of an equivalent yaw angle (𝛽*). The 
concept of using equivalent yaw angle was verified by other researchers (Katsuchi et al., 2009; 
Phelan et al., 2006; Vo et al., 2017) to show its reliability in extraction of aerodynamic properties 
of an inclined cable for dry-cable galloping and rain-induced vibration. Therefore, the concept of 
equivalent yaw angle was used in this study to extract the aerodynamic properties a yawed and/or 
inclined section model for prediction of load and response. Hence, the present study was carried 
out on a non-inclined section model to determine the aerodynamics of a yawed/inclined cable. In 
this study, a horizontal rigid section model with a finite length that represents a section of a cable 
has been used to predict the critical reduced velocity for dry-cable galloping at a given Scruton 
number of the cable model. However, a numerical/analytical approach that uses the aerodynamic 
properties of a yawed cable as presented here can be used to simulate the cable response and predict 
the critical velocity for dry galloping of an inclined cable or a horizontally suspended cable more 
accurately by considering sag due to cable weight, boundary conditions at both ends of the cable, 
yaw angle, inclination angle, and variation of wind speed with elevation in atmospheric boundary 
layer. The definitions of inclination angle (𝛼), actual yaw angle (𝛽), and equivalent yaw angle (𝛽*) 
are shown in Figs. 2.2a and 2.2b. Equation (2.3) relates actual yaw angle and inclination angle to 
the equivalent yaw angle. Since all experiments in this study were conducted for a non-inclined 
cable (𝛼=0), actual yaw angle and equivalent yaw angle are equal (𝛽= 𝛽*), and yaw angle in this 
study refers to equivalent yaw angle in all the results presented here. 
All wind tunnel tests in this paper were carried out in the aerodynamic test section of the 
Aerodynamic and Atmospheric Boundary Layer (AABL) Wind and Gust tunnel located in the 
Wind Simulation and Testing Laboratory (WiST Lab) of the Department of Aerospace 





section of 2.44 m (8.0 ft.) width × 1.83 m (6.0 ft.) height with a maximum wind speed capability 
of 53 m/s (173.9 ft/s), and the ABL test section of 2.44 m (8.0 ft.) width × 2.21 m (7.25 ft.) height 
with a maximum wind speed (average) capability of 40 m/s (131 ft/s). 
 
 
(a) yawed/inclined cable (b) yawed cable 
Figure 2.2: Definition of actual yaw angle and equivalent yaw angle. 
𝛽∗ = sin−1(sin 𝛽 cos 𝛼) (2.3) 
2.3.1 Data acquisition system 
The 1DOF dynamic wind tunnel test rig that was used here includes two elastic spring 
systems, one at each end of the section model, consisting of an air bearing connected to four springs 
that freely slides over a polished rod and a uniaxial load cell fixed at the end of one spring (Fig. 
2.3a). The load cell measures the elastic force in the spring that is converted to displacement using 
the spring stiffness. For dynamic force measurements, the sampling frequency and sampling time 
were 1000 Hz and 60 s, respectively. LabVIEW software was used for data acquisition from two 
load cells, one on each side of the section model, one connected on the top and the other on the 
bottom. The resultant model displacement for each of the three data runs of 60 s is computed from 
the average of the force data from the two load cells. The placement of diagonally opposite load 
cells helped to cancel out any spurious modes of vibration about the horizontal axis along the wind 
Wind
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direction. The average values of the identified load parameters from the three data runs are 
computed and presented here. Aerodynamic loads for the static tests were measured by two six-
component force balances (JR3), fixed at each end of the section model (Fig. 2.3b). The JR3 has a 
precision of ± 0.25% of its maximum load capacity of 40 N. Both JR3s were fixed to the two ends 
of the model axis to record the forces in X, Y, and Z directions.  
  
(a) 1DOF dynamic (b) Static 
Figure 2.3: Test setup for measurements. 
For static force measurements, the sampling frequency was 500 Hz, and the sampling time 
was 60 s. For pressure measurement, two 64-channel pressure modules (Scanivalve ZOC 33/64 
Px) were utilized to capture the pressure distribution on the cylindrical model with the sampling 
frequency of 250 Hz and the sampling time of 60 s. A Cobra probe (4-hole velocity probe) was 
used to record point-wise measurement of the upstream wind velocity with a sampling frequency 
of 1250 Hz and a sampling time of 60 s. 
2.3.2 Static test setup 
A new setup was built to measure the aerodynamic/aeroelastic loads and pressure 
distributions for the static and dynamic wind tunnel tests of the yawed cable models. As shown in 











Fig. 2.4, this setup properly secures the cable model for yaw angles ranging from 0º to 45º. The 
setup is also capable of testing two models in tandem for wake galloping. An aluminum polished 
tube of diameter (D) 127 mm and of length (L) 1.52 m was used to represent a smooth cable. 
Although the aspect ratio (L/D=12) was large enough to prevent edge effects, two circular end 
plates with diameter of 4D were attached to both sides of the cable model, parallel to the upstream  
airflow, to generate the 2D flow over the cable model. Figure 2.4 displays the yawed smooth cable 
with two end plates in the setup. As shown in Fig. 2.5a, the cable model had 108 pressure taps 
distributed on its surface for measuring local pressures. There were 36 pressure taps at equal 
angular spacing of 10 degrees along each of the three rings located on the cylinder and spaced 4D 
or 5D distance apart (see Figs. 2.5a and 2.5b). The blockage ratio was less than 5% for all 
experiments. The cable model was tested in uniform and smooth (<0.2% turbulence) wind flow 
with wind speeds ranging from 5.9 to 22.6 m/s. 
 








(a) All pressure taps distributed on model. (b) Taps in ring section. 
Figure 2.5: Pressure tap arrangement on the cable model surface. 
2.3.3 Buffeting test setup 
For the buffeting experiments, an aluminum polished tube of diameter (D) 127 mm and of 
length (L) 0.61 m was used as the cable model. Two circular end plates with a diameter of 4D were 
attached to both sides of the model, parallel to the upstream airflow, to generate the 2D flow over 
the cable model. The aspect ratio (L/D = 4.8) of the cable model was kept larger than the correlation 
length (L/D  4) of the wind loads along the model length. Figure 2.6 shows the cable model with 
a gust generator that was fixed upstream of the model to generate a sinusoidal gust at a fixed 
frequency and amplitude that is uniform over the model’s length. The wind upstream of the gust 
generator was uniform and smooth. The gust generator (two thin plates in parallel with a gap) was 
supported by a frame and connected to a motor by a rod, enabling it to oscillate at a specific 
frequency and amplitude. A load cell (JR3) was fixed on each side of the cable model for 
measuring the loads. The upstream wind speed of the cable model was recorded by a velocity 
probe (Cobra probe, Turbulent Flow Instrumentation) located 20 cm downstream of the gust 
















side view in Fig. 2.6b. A LabVIEW program was developed to record the fluctuating aerodynamic 
loads (lift and drag) on the cable model in the time domain where the data was measured at a 
sampling frequency of 100 Hz. The power spectral densities (PSDs) of the upstream wind 
turbulence and aerodynamic loads were calculated to estimate the aerodynamic admittance 
functions at a fixed reduced frequency (K). The tests were repeated at varying wind speed and 
different gust frequencies to cover the range of reduced frequency over which the aerodynamic 
admittance functions were desired. The procedure was repeated for several yaw angles of the cable 
model, namely, 0°, 15º, 30°, and 45º. 
  
(a) Front view (b) Side view 
Figure 2.6: Buffeting setup including gust generator system, Cobra probe, and yawed model. 
2.3.4 Dynamic test setup 
A new and lighter cable model was used for dynamic tests because a low Scruton number 
was required to capture galloping. All details of the dynamic test setup and the cable section model 
are summarized in Table 2.2 for both 1DOF tests, vertical (h) and lateral motions (p). The dynamic 
test rig shown in Fig. 2.7a has the capability to simulate only vertical motion whereas the one in 
Fig. 2.7b has the capability to simulate motions in all 3DOF (vertical, lateral and torsional). 
However, the 3DOF test rig also allows testing of models along any coupled (vertical-lateral, 














desired. Here only 1DOF tests for vertical motion (h) or lateral motion (p) are conducted as shown 
in Figs. 2.7a and 2.7b, respectively.  
  
(a) Vertical motion  (b) Lateral motion  
Figure 2.7: Dynamic test setup (1DOF) for extracting self-excited loads (flutter derivatives) of a 
yawed cable. 
 
Table 2.2 Properties of model and setup for dynamic tests.  
Parameter Value (1DOF) 
Diameter (D) 102 mm 
Length (L) 1.52 m 
 Vertical 
Total Stiffness (𝐾ℎ)  560 (N/m) 
Total Mass (𝑀ℎ) 3.6 kg 
𝑚𝑒ℎ(𝑀ℎ/L) 2.36 kg/m 
Natural frequency (𝑛ℎ) 1.99 Hz 
Damping ratio (𝜁ℎ) 0.0041 
Scruton number (𝑆𝑐ℎ= 
𝑚𝑒ℎ𝜁ℎ
𝜌𝐷2
 )  0.77 
 Lateral 
Total Stiffness (𝐾𝑝) 560 (N/m) 
Total Mass (𝑀𝑝) 6.8 kg 
𝑚𝑒𝑝(𝑀𝑝/L) 4.46 kg/m 
Natural frequency (𝑛𝑝) 1.44 Hz 
Damping ratio (𝜁𝑝) 0.0035 
Scruton number (𝑆𝑐𝑝= 
𝑚𝑒𝑝𝜁𝑝
𝜌𝐷2
 ) 1.24 
 
The test rig and data acquisition have been described earlier in Section 2.3.1. These tests 
were repeated for several yaw angles of the cable model, namely, 0º and 15° to 45º with increments 







45° since the results from the vertical motion showed that this yaw angle was the most critical for 
galloping.   
2.4 Results and discussion 
2.4.1 Static test  
The aerodynamic force coefficients were calculated based on surface pressures on the cable 
model and validated with those from direct load measurements. Power spectral densities (PSD) of 
lift coefficient are plotted for the yaw angle 𝛽=0º against reduced frequency K=fD/U for a range 
of Reynolds numbers (Re) in Fig. 2.8 which shows a single peak at 𝐾 = 𝐾𝑠= 0.20. These results 
indicate that the Strouhal number (𝑆𝑡 =
𝑓𝑠𝐷
𝑈
= 𝐾𝑠, 𝑓𝑠 is von-Karman vortex shedding frequency) 
for 𝛽=0º does not change in the subcritical regime of Reynolds number, and in fact it is almost 
constant (𝑆𝑡(𝛽 = 0°) = 0.20). Figure 2.9 shows the PSD of drag coefficient for 𝛽=0º case where 
two peaks are seen with the second peak frequency twice the first one, confirming past studies. In 
this study, Strouhal number of yawed cable was measured to identify the “lock-in” wind speed for 
vortex-induced vibration where buffeting response equations will not apply for a yawed cable. In 
Fig. 2.10, the Strouhal number, identified from the PSDs of lift coefficient records, is plotted as a 
function of yaw angles corresponding to the subcritical Reynolds number regime where it is almost 
constant. It shows that the Strouhal number decreases as yaw angle increases. An empirical 
equation (Eq.(2.4)) was obtained by curve-fitting to predict the Strouhal number at different yaw 
angles. Additionally, the results of Strouhal number for a yawed cable confirm that the normal 
Strouhal number is constant (Stn(𝛽)=0.2) and follows the independence principle (Wu et al., 2017). 
This occurs because the separation point has been proven independent of yaw angle that means 






Figure 2.8: Power spectral density of lift coefficient for different Reynolds numbers at 𝛽=0º. 
 
Figure 2.9: Power spectral density of drag coefficient for different Reynolds numbers at 𝛽=0º. 
 
Figure 2.10: Strouhal number as a function of yaw angle for smooth cable. 
𝑆𝑡(𝛽) = 𝑆𝑡(0) × cos𝛽 = 0.2cos𝛽 0º ≤ 𝛽≤45º (2.4) 
In Fig. 2.11, mean drag coefficient (𝐶𝐷(𝛽) =
𝐹𝑝
0.5𝜌𝑈2𝐷𝐿
) is illustrated for various yaw angles 
over a range of Reynolds numbers. These results indicate that drag coefficient is reduced when 
yaw angle is increased. It should be noted that cable stiffness or frequency of vibration is 





aerodynamic drag. Thus, as drag diminishes at higher yaw angles, the cable stiffness will reduce 
making yawed cables vulnerable at higher wind speeds. Since the drag coefficient of a yawed 
circular cylinder for 0º ≤ 𝛽≤ 30º is almost constant in a subcritical Reynolds number (Re) range, 
the average drag coefficient is depicted in Fig. 2.12 for this range of yaw angles. In this figure, the 
highest value of drag coefficient is plotted for 𝛽 = 45º case for the range of Re investigated. An 
empirical equation (Eq. (2.5)) has been proposed using curve-fitting to predict the mean drag 
coefficient as a function of yaw angle while the factor of 𝐹(𝑅𝑒, 𝛽) is applied to consider the effect 
of yaw angle and Reynolds number for yaw angles larger than 30º due to variation in drag 
coefficient. It was assumed that the effect of yaw angle from 30º to 45º is linear on drag coefficient. 
The results show that the drag coefficient decreases with increasing yaw angle that occurs because 
the cross section of yawed cable changes from circular to elliptical with increasing yaw angle. 
Since an elliptical cross section is a streamlined body with smaller wake region, it has a smaller 
drag coefficient compared to a circular section. Additionally, it can be seen that the drag coefficient 
reduction occurs for yaw angle of 45º at a lower Reynolds number because the elliptical section 
has a lower critical Reynolds number compared to a circular one, and it depends on the aspect ratio 
of the ellipse. The mean lift coefficient (𝐶𝐿(𝛽) =
𝐹ℎ
0.5𝜌𝑈2𝐷𝐿
) was measured to be zero for all the 
yawed cables tested for 0º ≤ 𝛽≤ 45º in the subcritical Reynolds number (Re) range. Past studies 
have shown that inclined cables with non-circular cross section have non-zero mean lift coefficient 
and are especially vulnerable to dry galloping near its critical Reynolds number; negative 
aerodynamic damping is generated as shown by quasi-steady theory. However, it is also shown 
that yawed cables with smooth surface, which has zero mean lift coefficient in subcritical range of 






Figure 2.11: Drag coefficient vs. Reynolds number of cable for different yaw angles. 
 
Figure 2.12: Drag coefficient as a function of yaw angle for smooth cable. 
 
𝐶𝐷(𝛽) = 𝐶𝐷(0) × (0.8𝑐𝑜𝑠




1.379 × (1.778 × 108𝑅𝑒−1.746 + 1) × (−0.0125𝛽° + 1)
 
0° ≤ 𝛽 ≤ 30° ,   0.5 × 105 ≤ Re ≤ 2.2 × 105 
 
30° ≤ 𝛽 ≤ 45° , 0.7 × 105 ≤ Re ≤ 2.7 × 105 
2.4.2 Buffeting test 
The buffeting indicial derivative functions (Eq. (B 2.5)) are required for calculation of 
across-wind (lift) and along-wind (drag) buffeting loads in the time domain. The procedure 
explained Appendix B for extracting these functions was used where the aerodynamic admittance 
functions associated with lift and drag of the cable (Eqs. (B 2.3-B 2.4)) for yaw angles (𝛽) of 0º, 
15º, 30º, and 45º were first identified, and then the constants A1 to A4 in Eq. (B 2.5) were calculated 






𝛽 = 0° 𝛽 = 0° 
  
𝛽 = 15° 𝛽 = 15° 
  
𝛽 = 30° 𝛽 = 30° 
  
𝛽 = 45° 𝛽 = 45° 
Figure 2.13: Aerodynamic admittance and buffeting indicial derivative functions in across-wind (𝜙ℎ
′ ) 
and along-wind (𝜙𝑝
′ ) directions of a circular cylinder. 
The frequency of the gust () and mean wind speed (U) were changed to cover a range of 
reduced frequency (𝐾 = 𝜔𝐷/𝑈) varying approximately from 0.2 to 0.7. Since the mean lift 





first term in Eq. (B 2.3) and the second term in Eq. (B 2.4) are zeroes. Figure 2.13 shows that the 
aerodynamic admittance function in the along-wind direction (𝜒𝑝
2) has a lower value at higher yaw 
angles whereas the aerodynamic admittance function in the across-wind direction (𝜒ℎ
2) has a higher 
value at higher yaw angles. In Fig. 2.13, buffeting indicial derivative functions 𝜙ℎ
′  for across-wind 
direction and 𝜙𝑝
′  for along-wind direction. The aerodynamic admittance functions are often fitted 
by a curve with an equation in the form 1 (1 + 𝐶𝐾⁄ ), and therefore the constant coefficient (𝐶) for 
each of the fitted curves is identified and plotted for the across and along-wind directions in Fig. 
2.14 based on equations presented in Fig.2.13. Two empirical equations, Eqs. (2.6) and (2.7), are 
proposed for predicting the aerodynamic admittance functions for different yaw angles, so these 
equations can be used to calculate the derivatives of indicial functions for yaw angles ranging from 
0º to 45º. 
 
 
(a) Across-wind (b) Along-wind  
Figure 2.14: The constant (𝐶) appearing in the generalized form of the aerodynamic admittance 
function, 1 (1 + 𝐶𝐾⁄ ), of a circular cylinder as a function of yaw angle. 
   
𝜒ℎ
2(𝐾, 𝛽°) =  
1
1+𝐶ℎ𝐾
      ,        𝐶ℎ= -7.11×  𝛽° + 316.9 0° ≤ 𝛽 ≤ 45° (2.6) 
𝜒𝑝
2(𝐾, 𝛽°) = 
1
1+𝐶𝑝𝐾
     ,        𝐶𝑝= 0.061 × 𝛽° + 12.21 0° ≤ 𝛽 ≤ 45° (2.7) 
2.4.3 Dynamic test 
As described in Appendix A, displacement time history of the section model in free 





elastic springs, and then a low-pass filter “Butterworth” was used to filter the noise from the 
original data. Figure 2.15 displays a typical time history comparison between the original 
displacement data and the filtered displacement data. Vertical DOF (h) flutter derivatives 
(𝐻1
∗, 𝐻4
∗) of the cable were extracted for different yaw angles using the ILS method, and plotted 
with respect to the reduced velocity (RV = U/nD) in Fig. 2.16. The trend of 𝐻1
∗ shows that it starts 
increasing (less negative) for the yaw angles greater than zero after a certain reduced velocity. 
Therefore, positive aerodynamic damping that is proportional to the negative of 𝐻1
∗ will potentially 
become negative after a critical reduced velocity. Figure 2.16a shows that the flutter derivative 
𝐻1
∗ becomes positive beyond a specific reduced velocity that is influenced by the interaction of 
axial flow and vortex shedding of a yawed cable. The strength of vortex shedding becomes less as 
the velocity of axial flow behind the yawed cable increases, and this complex interaction between 
two flows has a direct effect on variation of aerodynamic damping. Amongst all the yaw angles 
explored here,  =45º was found to have the lowest critical reduced velocity. The wind tunnel tests 
to extract the flutter derivative 𝐻1
∗ were limited up to a certain reduced velocity because the cable 
model started displaying large amplitude motions at higher reduced velocities. To verify the 
extracted flutter derivatives based on measurements, the time history of the measured displacement 
and simulated displacement based on the extracted flutter derivatives are compared. One typical 
comparison is plotted in Fig. 2.17, showing a good agreement with one another. As explained 
before, it has been theoretically proven that the critical velocity for divergent motion or galloping 
of the cable in the vertical direction occurs at 𝐻1
∗ = 4𝑆𝑐 when the aerodynamic damping offsets 
the mechanical damping producing zero net damping. The results of 𝐻1 
∗ (Fig. 2.16a) for different 
yaw angles were fitted by a curve as a function of reduced velocity (𝐻1 
∗ = 𝑓(𝑅𝑉)), after which the 
equation of 𝐻1 





the critical reduced velocity (𝑅𝑉𝑐𝑟) for galloping. After finding the critical reduced velocity as a 
function of Scruton number, 𝑅𝑉𝑐𝑟 = 𝑓(𝑆𝑐), for a fixed yaw angle, it was fitted with the curve 
whose form is given in Eq. (2.8), and the constants (a-c) in this equation are found. The results 
showing these constants of Eq. (2.8) for various yaw angles are summarized in Table 2.3. To 
validate 𝑅𝑉𝑐𝑟 as a function of Sc given by Eq. (2.8) and Table 2.3, the plot corresponding to the 
critical yaw angle of 45º was compared with those from previous studies (Duy et al., 2014; 
Matsumoto et al., 2010) (see Fig. 2.18), revealing good agreement with Saito’s and Irwin’s 
instability lines. Thus, these significant empirical equations (Table 2.3) can be used to predict the 
critical wind speed for dry-cable galloping of cables with different yaw/inclination angles. As 
explained before, galloping can be classified into unsteady galloping and classical galloping. The 
first type that is identified in wind-excited dynamic systems has an unsteady response with 
nonstationary amplitude. The second type that is a divergent-type galloping can be described by 
classical quasi-steady theory (Den-Hartog). This type of galloping normally occurs beyond the 
critical Reynolds number range of the cable where the lift coefficient is not zero and it occurs at a 
higher critical reduced velocity than the one corresponding to divergent-type galloping. In this 
study, free vibration test was used to determine the aerodynamic damping in a range of wind speeds 
below the critical wind speed of classical galloping where the unsteady galloping usually occurs. 
The physical free-vibration system used here did not allow testing the model at or beyond the 
critical wind speed. However, the aerodynamic damping curves of H1*, as obtained from the free 
vibration tests of the yawed cables, were extrapolated to predict the critical reduced velocity of 
classical galloping by using H1*=4Sc criterion when the total damping in the system goes to zero 





corresponds to classical galloping and not unsteady galloping. Figure 2.19 displays the critical 
reduced velocity vs Scruton number for various yaw angles 15º, 20º, 25º, 30º, 35º, 40º, and 45º. 
 









Figure 2.17: Comparison of vertical displacement time history for 𝛽 = 45° at velocity of 5.9 m/s.  
𝑅𝑉𝑐𝑟 = 𝑎 ∗ 𝑆𝑐
𝑏 + 𝑐    0º ≤ 𝛽= 𝛽* ≤45º (2.8) 






Table 2.3 Constants of Eq. (2.8) to predict reduced 
velocity. 
 °   𝒃 𝒄 
45° 7.03 0.6 46.07 
40° 4.42 0.78 72.32 
35° 5.95 0.79 86.33 
30° 2.17 0.79 78.21 
25° 3.32 0.78 70.71 
20° 4.41 0.78 78.51 
15° 1.23 0.8 81.94 
 
  
Figure 2.18: Comparison of present result with other criteria for unstable and stable regions of dry-
cable galloping. 
 
Figure 2.19: Critical reduced velocity for dry-cable galloping vs. Scruton number for different yaw 
angles.  
Following a similar procedure, the flutter derivatives (𝑃1
∗, 𝑃4
∗) for lateral motion (p) of the 
cable at a critical yaw angle of 45º were extracted for different reduced velocities (see Fig. 2.20). 







a velocity of 5.9 m/s, revealing a good match between them. The 𝑃1
∗ in Fig. 2.20a shows that it 
becomes increasingly negative with increasing RV which implies that the aerodynamic damping 
will become increasingly positive in the along-wind direction with increasing wind speed, ruling 
out any possibility of damping driven galloping or flutter in this lateral mode of vibration. Thus, 
the participation of the along-wind motion, which is generally true for cables that vibrate along 
inclined planes with elliptical trajectories, will add stability to the cable motion and thereby 
increase the critical reduced velocity for dry-cable galloping as predicted purely by vertical motion 
only (Eq. (2.8)).  
  
(a) (b) 





Figure 2.21: Comparison of lateral displacement time history for 𝛽 = 45° at velocity of 5.9 m/s. 
2.5 Predicting minimum damping required 
Finding the minimum additional damping required to stabilize the cables has always been 





practical design procedure is introduced here in this section based on the obtained experimental 
data to estimate the required damping, which keeps cables stable. For any  stay-cable in a cable-
stayed bridge with a fixed inclination angle (𝛼), for example, extreme wind is probable to come 
from a fixed direction at the given site where the bridge is located, yielding yaw angle 𝛽 for a plane 
of cables or individual cables as shown in Fig. 2.22. The procedure that is described here to 
calculate the additional damping required to mitigate dry-cable galloping in individual cables with 
relatively smooth surfaces can be applied to cables in other structures such as suspension bridges, 
suspended roofs, and low-voltage power transmission lines. 
 
Figure 2.22: Schematic view of inclined cables in cable-stayed bridge structure subject to ABL wind at 
a given yaw angle (𝛽). 
2.5.1 Design procedure 
Design procedure of finding the required minimum damping is summarized in the 
following three steps.  
Step 1 
The equivalent yaw angle (𝛽∗) can be calculated by Eq. (2.3) using the actual yaw angle 
(𝛽) and inclination angle (𝛼) of the cable.  
    
    









Since the profile of wind speed is a function of height and terrain type, these two parameters 
need to be specified. Mean wind speed profile can be estimated by the power law relationship as 
shown in Eq. (2.9).  Using this equation, the mean hourly wind speed at any elevation z from the 
ground can be calculated based on the mean hourly wind speed at a height of 10 m (33 ft).  In Eq. 










Since wind tunnel measurements are based on the mean hourly wind speed, all calculations 
should be based on mean hourly wind speed for cables in the field. Furthermore, since the wind 
speed is changing with increasing height (z) over the height of an inclined cable, the average wind 
speed should be calculated. The average mean hourly (MH) design wind speed (𝑈𝑑𝑒𝑠𝑖𝑔𝑛
𝑀𝐻 =
?̅?𝑑𝑒𝑠𝑖𝑔𝑛) can be estimated by Eq. (2.10). This equation is based on the 3-sec design speed, 
𝑈𝑑𝑒𝑠𝑖𝑔𝑛
3−𝑠𝑒𝑐 (10), for the terrain over which the wind approaches the cable that can be estimated from 
𝑈𝑑𝑒𝑠𝑖𝑔𝑛
3−𝑠𝑒𝑐,𝑂𝑇(10), specified in ASCE 7-16 (ASCE 7-16, 2017), as 3-sec gust in open terrain (OT) at 
10 m (33 ft) height for various MRIs (mean recurrence intervals) at a given location where the 
























where 𝐻 = 𝑍𝑚𝑎𝑥 − 𝑍𝑚𝑖𝑛, 𝑍𝑚𝑖𝑛 and  𝑍𝑚𝑎𝑥 are the minimum and maximum elevation, respectively, 
of the inclined cable (Fig. 2.22) or suspended cable with a sag, and 𝜆 can be defined by Eq. (2.12), 




















       (2.11) 
where 𝑢∗and 𝑢∗
𝑂𝑇 are friction velocity for the given terrain of the approaching flow and open 















) = 𝜆 (2.12) 
where 𝑐(3) =2.85, 𝑧0 is roughness length in meters of the terrain of the approaching flow, 𝛾 is a 
constant that depends on the roughness length, as shown in Table 2.4 (Chang et al., 2009). Thus, 
the average of mean hourly design wind speed (?̅?𝑑𝑒𝑠𝑖𝑔𝑛) can be estimated based on above-
mentioned equations (Eqs. (2.10)-(2.12)) by defining terrain type and configuration of the cables.  
Table 2.4 Variable  corresponding to various 
roughness lengths (Chang et al., 2009). 
𝑍0(𝑚) 0.005 0.07 0.30 1.00 2.50 




 0.83 1.00 1.15 1.33 1.46 
Step 3 
The relationship between critical reduced velocity and Scruton number, 𝑅𝑉𝑐𝑟 = 𝑓𝑛(𝑆𝑐), 
that is defined in Eq. (2.8), and Table 2.3 for different yaw angles   is used where   in these 
empirical equations is the same as the equivalent yaw angle 𝛽∗ estimated for the cable. Since it is 




𝑓𝑛(𝑆𝑐), it can be shown that design reduced velocity is a function of a design Scruton number 





frequency (f) and cable diameter (D) should be calculated to estimate the required damping in a 
cable to avoid dry-cable galloping in a given dynamic mode up to the design wind speed.  
  
𝛽∗ = 15° 𝛽∗ = 20° 
  
𝛽∗ = 25° 𝛽∗ = 30° 
  
𝛽∗ = 35° 𝛽∗ = 40° 
 
𝛽∗ = 45° 
Figure 2.23: Design Scruton number (𝑆𝑐𝑑𝑒𝑠𝑖𝑔𝑛) vs. average design wind speed (mean hourly, ?̅?𝑑𝑒𝑠𝑖𝑔𝑛) 





The design Scruton number to prevent dry-cable galloping can be extracted (see Fig. 2.23) 
by knowing average design wind speed, equivalent yaw angle, cable diameter, and cable natural 
frequencies. For different equivalent yaw angles, the relationship between Scruton number (log 
scale) and average design wind speed (mean hourly) is shown in Fig. 2.23 for a constant parameter 
of fD varying in the range of 0.1 to 1.1. It is worth mentioning that the range of average design 
wind speed (?̅?𝑑𝑒𝑠𝑖𝑔𝑛) and fD were selected to cover most of the cables vibrating in the first three 
dynamic modes. Subsequently, the minimum required damping (𝜁𝑚) can be predicted by finding 




)) from Fig. 2.23, where 𝑚𝑒 is generalized mass per 
unit length of the cable based on the dynamic mode of excitation considered, 𝜁𝑚 is minimum 
damping required, 𝜌 is air density, and 𝐷 is cable diameter. Figure 2.24 illustrates the flow chart, 
which summarizes the mentioned design procedure to predict the required damping. Additional 
damping that is required to prevent large amplitude vibration due to dry-cable galloping can be 
provided through either mechanical damper or aerodynamic damper or a combination thereof. It 
can be estimated by subtracting the inherent mechanical damping in the cable from the required 
damping. 
2.6 Conclusions 
Inclined cables of long-span bridges have frequently experienced moderate to large-
amplitude motions during the past few decades because of phenomena such as rain-wind induced 
vibration, vortex-induced vibration, iced-cable galloping, wake galloping, and dry-cable galloping. 
In this paper, dry-cable galloping was studied by conducting wind tunnel tests to measure the 
aerodynamic and aeroelastic loads of a yawed dry cable. A series of static and dynamic 





functions associated with self-excited and buffeting loads, respectively. For this purpose, all 
experiments were conducted on a section model of a smooth cable under uniform and 
smooth/gusty flow conditions in the AABL Wind and Gust Tunnel. According to the literature, 
the aerodynamic behavior of an inclined and/or yawed cable can be found from that of a yawed 
cable only using the definition of equivalent yaw angle. For the sake of simplicity, all wind tunnel 
experiments were conducted only for a yawed cable, and the results can be applied to find the 
aerodynamic properties of an inclined and/or yawed cable. Static wind tunnel tests of surface 
pressure distribution and load measurements on a cable model resulted in proposing an empirical 
equation for predicting the mean drag coefficient and Strouhal number for yaw angles ranging 
from 0° to 45º while the mean lift coefficient was found to be zero in the subcritical Reynolds 
number regime. Results indicate that the mean drag coefficient decreases with increasing yaw 
angles, which would increase the vulnerability of the dry-cable galloping following the Den-
Hartog criterion. For buffeting tests, aerodynamic admittance functions and buffeting indicial 
derivative functions for the yawed cables were extracted for various yaw angles in the range of 0º 
to 45º and empirical equations were proposed for the same, which would be useful for computing 
buffeting loads at various yaw angles. The results show that the aerodynamic admittance function 
at a given reduced velocity has a lower value in the along-wind direction (𝜒𝑝
2) and has a higher 
value in the across-wind direction (𝜒ℎ
2) for cables at higher yaw angles. For dynamic 1DOF tests, 




∗) of a yawed cable were identified from a 
measured response of a section model in free vibration for yaw angles ranging from 0º to 45º. 
Empirical equations were extracted to predict the critical wind speed for dry-cable galloping of a 
cable at a specific yaw angle based on its Scruton number. Results showed that the critical 





agreement between the present instability criterion for dry-cable galloping based on the critical 
equivalent yaw angle and those from two other well-known studies was found. In the present study, 
separate instability criterion was found for cables with different equivalent yaw angles. Finally, a 
simplified design procedure was introduced to estimate the minimum damping required to prevent 
the dry-cable galloping up to the design wind speed of the cable structure, which will help to 
estimate the additional damping required for an individual cable based on its orientation and site 
characteristics of the cable structure’s location. Furthermore, the aerodynamic and aeroelastic 
cable load parameters obtained here are significantly helpful in predicting the response of 
inclined/yawed cables at a specific wind speed and in predicting the critical wind speed for dry-
cable galloping. 
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Appendix A: Self-excited force 
Self-excited loads are motion-induced loads that are proportional to displacements and 
velocities of the cable motion and mean speed of the incoming wind. Parameters describing these 
loads can be extracted using two methods: direct measurement of aerodynamic force using strain 
gauges, or indirect measurement using a free vibration or forced vibration wind tunnel test. The 
following equation describes the extraction of 𝐻1
∗ and 𝐻4
∗ for a one degree of freedom (DOF) tests. 
The general equation of motion for a structure due to self-excited loads of vertical motion is 
defined as follows: 
ℎ̈ + 𝑀−1𝐶ℎ̇ + 𝑀−1𝑘ℎ = 𝑀−1𝐹𝑠𝑒  (A 2.1) 
where  𝑀 = 𝑚ℎ, 𝑀
−1𝐶 = 2ζℎ𝜔ℎ, 𝑀
−1𝑘 = 𝜔ℎ
2  
and the aeroelastic force (𝐹𝑠𝑒) is given in Eq. (A.2). 
𝐹𝑠𝑒 = 0.5𝜌𝑈
2𝐷[𝐾𝐻1
∗ 𝑈   𝐾2𝐻4
∗ 𝐷⁄⁄ ] [
ℎ̇
ℎ
]   (A 2.2) 
where 𝐾 is reduced frequency (K=ωD/U), ω is angular frequency, D is a typical across-wind 
dimension of the cross-section of the structure or cable diameter here, and U is mean wind speed. 
By substituting Eq. (A 2.2) into Eq. (A 2.1) and gathering all terms to the left hand side, the 
modified free-vibration equation including aeroelastic effects is  





where 𝐶𝑒𝑓𝑓 and 𝐾𝑒𝑓𝑓 are the aeroelastically modified effective damping and stiffness, 
respectively. In addition, if 𝐶𝑚𝑒𝑐ℎ and 𝐾𝑚𝑒𝑐ℎ are mechanical damping and stiffness under zero-
wind conditions, the flutter derivatives  𝐻1
∗ and 𝐻4











(𝐾𝑒𝑓𝑓 − 𝐾𝑚𝑒𝑐ℎ) (A 2.5) 
An iterative least-squares (ILS) method was used for the extraction of flutter derivatives. 
This system identification method was successfully used to extract two flutter derivatives 
associated with 1DOF, 8 flutter derivatives associated with 2DOF, and 18 flutter derivatives 
associated with 3DOF section model of a bridge. To apply this method, the displacement response 
of a section model that is released from a fixed state of rest with an initial displacement, measured 
in free vibration, is filtered digitally and used as an input to this method. A MATLAB code was 
used in which a “Butterworth” filter was employed as a low-pass filter to remove all noises from 
the recorded displacement time history with frequencies higher than the natural frequency of the 
section model. In the ILS method, a state-space model is used as given by Eq. (A 2.6). 









𝐴 is a 2×2 square matrix. After calculating the filtered displacement time history from the 
measured time history displacement and calculating the velocity, ℎ̇, and acceleration, ℎ̈, time 





given wind speed and by subtracting their zero wind values 𝐶𝑚𝑒𝑐ℎ and 𝐾𝑚𝑒𝑐ℎ, respectively, 𝐻1
∗ and 
𝐻4
∗ can be extracted at a given wind speed using Eqs. (A 2.4) and (A 2.5). Full description of the 
ILS method can be obtained in past studies. For maintaining accuracy, all initial displacements 
and sampling time of the time history records were kept the same for all wind speeds. Similarly, 
flutter derivatives for lateral motion (p), 𝑃1
∗ and 𝑃4
∗,  can be extracted by conducting free vibration 
tests along the lateral motion.  
Appendix B: Buffeting load 
This type of wind load that originates due to wind turbulence can be calculated in time 
domain for both vertical and lateral DOFs, as given by Eqs. (B 2.1) and (B 2.2). 
𝐹𝑏
ℎ(𝑠) = 0.5𝜌𝑈𝐷∫ [ 2𝐶𝐿𝑢(𝜎)𝜙ℎ
′ (𝑠 − 𝜎) + (𝐶𝐷 + 𝐶𝐿
′)𝑤(𝜎)𝜙ℎ







𝑝(𝑠) = 0.5𝜌𝑈𝐷∫ [2𝐶𝐷𝑢(𝜎)𝜙𝑝
′ (𝑠 − 𝜎)−𝐶𝐿𝑤(𝜎)𝜙𝑝










, 𝑢(𝜎) and 𝑤(𝜎)= zero mean wind turbulence components in along and across-wind directions, 
respectively, 𝑠 = 𝑈𝑡/𝐷=non-dimensional time, 𝜙ℎ
′ (𝑠) and 𝜙𝑝
′ (𝑠) are derivatives of buffeting 
indicial functions 𝜙ℎ(𝑠) and 𝜙𝑝(𝑠) with respect to ‘s’, respectively, referred here as buffeting 
indicial derivative functions that can be extracted using the aerodynamic admittance functions 
𝜒ℎ
2(𝐾) and 𝜒𝑝
2(𝐾) (Eqs. B 2.3-2.4). Aerodynamic admittance functions, 𝜒ℎ
2(𝐾) and 𝜒𝑝
2(𝐾), are 
functions of reduced frequency (K) that relate turbulence in upstream wind flow to the fluctuating 
wind load in the frequency domain. To extract the aerodynamic admittance functions of a cable in 

















































𝑝(𝐾) are power spectral densities of the buffeting load in across- and 
along-wind directions, respectively, 𝑆𝑢𝑢(𝐾) and 𝑆𝑤𝑤(𝐾) are power spectral densities of wind 
turbulence in along- and across-wind directions, respectively, and 𝜒ℎ
2(𝐾) and 𝜒𝑝
2(𝐾) are 
aerodynamic admittance functions in vertical and lateral directions. The buffeting indicial 
derivative function takes the form given in Eq. (B 2.5). In this study, only two terms are used to 
model the buffeting indicial derivative functions (Eq. (B 2.5)) because a past study has 
demonstrated that two terms are enough to accurately model these functions and the addition of 
the third term does not improve the accuracy of the predicted buffeting loads using these functions. 
𝜙′(𝑠) = 𝐴1𝑒
−𝐴2𝑠 + 𝐴3𝑒
−𝐴4𝑠 (B 2.5) 
where 𝐴𝑖, 𝑖 = 1. .4, are constants that can be computed for each of the two DOFs using Eq. (B 2.6) 
that is derived from the Fourier transform relationship between  the aerodynamic admittance 





















 (B 2.6) 
Finally, buffeting loads in time domain can be computed for both vertical and lateral DOFs 
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Traffic signal structures, commonly used to control traffic, have exhibited fatigue failure 
in their connections due to wind-induced vibration. This study focuses on developing a generalized 
method to predict the coupled across- and along-wind responses of a traffic signal light structure 
in normal or yawed wind by combining the aerodynamic properties of such a multi-component 
structure with a numerical simulation technique to generate wind loads and resulting responses in 
the time domain. The methodology and data presented here can be applied to any signal structure 
to explore its dynamic behavior, estimate its fatigue life and devise mitigation means such as 
dampers. The tip response of the mast arm and the maximum stress at its joint were calculated for 
a given signal light structure and validated with field measurements to demonstrate the 
methodology for a range of wind speeds and yaw angles. Results indicate that yawed wind below 
a speed of 9 m/s from the backside of the signal light and vortex shedding of the mast arm are the 
primary reasons of large-amplitude vibration, and the maximum stress exceeds the endurance limit 
that can cause fatigue failure over time. A modified signal light design to mitigate this problem is 
proposed. 
3.1 Introduction 
Traffic signal structures, commonly used to control traffic, have exhibited fatigue failure 
due to wind-induced vibration in their connections. These simple structures include a vertical 





the length of the mast arm. These structures, with natural frequencies of around 1 Hz or less and 
low mechanical damping of less than 1%, resulting in large amplitude vibrations under wind 
excitation. These large amplitude vibrations may lead to fatigue failure in welded connections due 
to wind-induced vibration in both vertical and horizontal directions, threatening the public safety 
and requiring notable financial expenses to repair and replace them. Many studies have been 
conducted for developing vibration mitigation devices such as impact (Cook et al., 2001), viscous 
(Hamilton et al., 2000; McManus et al., 2003), and tuned-mass dampers (Christenson et al., 2001) 
to increase the fatigue life of these structures. However, only a few studies have been carried out 
using full-scale measurement or wind tunnel tests to explore the main source of vibration of these 
structures. Additionally, the developed vibration mitigation devices are limited in use based on the 
frequency bandwidth that require tuning from one structure to another. This paper proposes a 
fundamental study on determining the contributions of the mast arm and signal lights to vibration 
of such structures, which led to the modifications of the signal lights to decrease or eliminate the 
large amplitude vibrations due to wind excitations.  
It has been widely reported that signal structures can experience large-amplitude vibration 
due to wind excitement. Kaczinski et al. (1998) identified vortex shedding, galloping, natural wind 
gusts, and truck-induced gusts as the most critical vibration-inducing mechanisms in signs, 
luminaires, and traffic signals (AASHTO, 2013). Pulipaka et al. (1998) studied the vibration of 
traffic signal structures for a one degree of freedom (1DOF) dynamic system inside the wind 
tunnel. Since these experimental results satisfied the Den Hartog’s criterion (Den Hartog, 1985), 
i.e., they exhibit negative aerodynamic damping, galloping was found to be the primary reason for 
across-wind vibration of this structure. They showed that installing a flat wing or horizontal plate 





experiments to investigate the effects of galloping and truck-induced gusts on instability of traffic 
signal structures. Those experiments used anemometers, strain gages, and accelerometers to 
capture the dynamic response of the full-scale model. Although they recorded large-amplitude 
response in the field, they could not capture sustained galloping. McDonald et al. (1995) used a 
tow tank and field measurements to investigate the across-wind motion, and found that the critical 
case with lowest aerodynamic damping occurs when the wind is blowing from the backside of a 
traffic signal with a backplate. Zuo and Letchford (2010) carried out full-scale measurements of a 
traffic signal structure and observed both large- and small-amplitude motions due to vortex 
shedding and buffeting, respectively. They found that the critical yaw angle is 45° for the largest 
wind-induced response of this structure either with or without signal lights. Wieghaus et al. (2014) 
reported in-plane and out-of-plane structural responses of a traffic signal structure using full-scale 
measurements. They attached a helical strake over the mast arm to explore its effect on vibration 
mitigation, and their results indicated that across-wind response due to vortex shedding was 
significantly reduced by installation of the strakes. Solutions such as helical strake, ribbon damper, 
perforated shroud, and surface roughness have been used to mitigate the vortex-induced vibrations, 
with the results showing that helical strake is  the most effective approach for increasing the 
aerodynamic damping,  reducing the across-wind response (Ahearn and Puckett, 2010; Wieghaus 
et al., 2014). Moreover, past experimental results have shown that a “lock-in” regime due to vortex 
shedding can be removed for a circular cylinder by using helical strakes (Zhou et al. 2011). Albert 
et al. (2007) studied the effects of truck-induced gust loads on dynamic response of traffic signal 
structures by instrumenting two mast arms for full-scale measurement. They concluded that natural 





Traffic signal structures have low natural frequency, about 1 Hz in both directions, from 
flexibility and relatively low mass. In addition, their mechanical damping ratio is less than 1%, 
making such a structure vulnerable to fatigue cracking due to wind-induced vibration (Johns and 
Dexter, 1998). Over the past decades, because of the high cost of damage, many studies have been 
published related to fatigue failure of traffic signal structures (Repetto and Solari, 2010; Repetto 
and Torrielli, 2017; Warpinski et al., 2010). Wieghaus et al. (2014) conducted full-scale 
measurements of a traffic signal structure to study the effect of helical strakes on its across-wind 
response and fatigue. Their results concluded that helical strakes improved the fatigue life only at 
low wind speeds and they could not be considered as a universal solution to reducing the fatigue 
problem. Puckett et al. (2010) studied the effect of a ring-stiffened connection on improving 
fatigue life of signal structures. After monitoring 12 traffic signal structures, they observed that 
this type of connection has acceptable resistance to wind speeds up to 5.36 m/s. Letchford and 
Cruzado (2008) conducted wind tunnel tests and full-scale measurements to investigate the fatigue 
life of signal structures and observed large-amplitude motions at a yaw angle of 45 degrees. 
Wieghaus et al. (2017) proposed a mast arm’s damage avoidance system that reduced dead-load 
tensile stresses. They established the high efficiency of this system using full-scale prototype 
testing. Bartilson et al. (2015) captured the response of signal structures using field measurements 
and calculated the stress and fatigue life due to vibration. To study the risk assessment of signal 
structures, Foley et al. (2016) developed a reliability-based method for determining inspection 
intervals to avoid fatigue failure. Additionally, a few solutions such as welding treatment, 
geometric modifications, and damper types have been introduced for improving the fatigue life of 





This paper proposes a new methodology for studying the wind-induced response of a traffic 
signal structure based on the numerical simulation of the upstream wind and sectional aerodynamic 
properties (static and dynamic) of its components -mast arm and signal light units- measured in a 
wind tunnel. The study uses this methodology to investigate the response and induced stresses in 
this structure subject to normal and yawed flow over a range of wind speeds in the time domain, 
and to compare them with data from previous full-scale measurements. The significance of this 
methodology (and the aerodynamic database that are developed) is that it can be applied to a study 
of any signal light structure, with mast arms of different lengths (i.e. dynamic properties), with a 
varying number of signal light units and their orientations on the mast arm (horizontal or vertical), 
with varying dimensions of the mast arm and signal light units, at various geographic locations, 
and over a wide range of wind speeds, including extreme winds. It also will support investigation 
of various means of innovative mitigation of large responses of such a structure using mechanical 
or aerodynamic devices such as the one developed and reported in this study.   
In the methodology presented here, two-dimensional sectional aerodynamic properties 
were first identified by testing scaled models of the signal structure components such as mast arm 
and signal light. Drag and lift coefficients and Strouhal number were measured for mast arm and 
vertical/horizontal signal lights at yaw angles between 0° and 45°, and at angles of attack between 
-10° and +10° (for signal light) using static wind tunnel tests. Parameters associated with 
aerodynamic damping and stiffness for self-excited and vortex-induced vibrations were extracted 
for low to moderate wind speeds. After finding all the required aerodynamic parameters, the tip 
response and induced stresses of a traffic signal structure, determined earlier using full-scale 
measurement (Zuo and Letchford, 2010, Wieghaus et al., 2017), were calculated using the 





wind speed range of 0 to 9 m/s. It was also found that vortex shedding by the mast arm is the 
primary source of vibration at low wind speeds. The maximum stress at the connection between 
the mast arm and the vertical support exceeds the allowable stress (endurance limit), which can 
cause fatigue failure over time. Finally, a modified signal light unit with an integrated aerodynamic 
damper with the goals of quick assembly on existing signal lights and low manufacturing costs 
was designed for vertical and horizontal signal lights. The numerical simulation results for an 
example signal structure with horizontal signal lights, including the modified signal light design, 
exhibited excellent performance. The modifications suppresses vertical motion not only in the 
vortex-shedding regime, but also in the entire range of velocities explored here.      
3.2 Methodology 
3.2.1 Aerodynamic damping 
Galloping instability of structures can be observed when aerodynamic damping becomes 
negative. Glauert-Den Hartog’s criterion, shown in Eq. (3.1), determines the onset condition of 
galloping instability based on quasi-steady theory for any type of structure (Den Hartog, 1985; 








where 𝐶𝐷 and 𝐶𝐿 are drag and lift coefficients, respectively, of the structure, and 𝛼 is the vertical 
angle of attack of flow with respect to relative velocity. Figure 3.1 describes the velocity 
components, angle of attack (𝛼), and aerodynamic forces of drag (𝐹𝐷(𝛼)) and lift (𝐹𝐿(𝛼)) acting 
on a signal light. The aerodynamic damping ratio (ζℎ





signal light in across-wind direction, can be calculated by finding the components of 𝐹𝐷(𝛼) and 








+ 𝐶𝐷) (3.2) 
where 𝜌 is air density, 𝑈 is mean wind speed, H is characteristic length which is the across-wind 
dimension or height of the backplate (H), 𝑚ℎ is generalized mass per unit length, and 𝜔ℎ is 
circular frequency.  
 
Figure 3.1: Description of drag and lift forces acting on a signal light. 
3.3 Equations of motion and wind loads 
Wind loads on a structure can be classified into static and dynamic components for 
purposes of analysis. Dynamic loads in either the frequency- or the time domain, are crucial 
because they can cause structural fatigue or failure over either a long or a short period. The 
equations of motion for a traffic signal structure under wind loads can be written for two degrees 
of freedom (i.e., vertical (across-wind) and lateral (along-wind) directions) while neglecting 





excited (motion-induced), vortex shedding (vortex-induced), and buffeting (turbulent-induced) 
loads. In Fig. 3.2, dynamic wind loads and velocity components are displayed for a signal light or 
a signal structure. The equations of motion for across-wind or vertical (h) and along-wind or lateral 
(p) direction are given in Eqs. (3.3) and (3.4). Since the vortex-induced loads in the along-wind 
(𝐹𝑣𝑠
𝑝
) direction occur at the frequency of the second mode of vibration, they were ignored in this 
study as the simulation was conducted only for the first mode of vibration only.   
 
Figure 3.2: Schematic view of dynamic wind loads and velocity components acting on a signal light. 
𝑚ℎℎ̈(𝑥, 𝑡) + 𝑐ℎℎ̇(𝑥, 𝑡) + 𝑘ℎℎ(𝑥, 𝑡) = 𝐹𝑠𝑒
ℎ(𝑥, 𝑡) + 𝐹𝑣𝑠
ℎ(𝑥, 𝑡) + 𝐹𝑏
ℎ(𝑥, 𝑡) 
(3.3) 
𝑚𝑝?̈?(𝑥, 𝑡) + 𝑐𝑝?̇?(𝑥, 𝑡) + 𝑘𝑝𝑝(𝑥, 𝑡) = 𝐹𝑠𝑒
𝑝(𝑥, 𝑡) + 𝐹𝑏
𝑝(𝑥, 𝑡) (3.4) 
where 𝑚ℎ and 𝑚𝑝 are mass per unit length, 𝑐ℎ and 𝑐𝑝 are mechanical damping, 𝑘ℎand 𝑘𝑝 are 
stiffness, h and p are vertical and lateral displacements, and 𝐹𝑠𝑒 , 𝐹𝑣𝑠, and 𝐹𝑏 are self-excited, vortex 
shedding, and buffeting loads per unit length of the structure. Different system identification 
methods can be applied for using a section model to extract the parameters associated with each 
of the wind load components. These wind load components for vertical (h) and lateral (p) directions 
are elaborated later. In accordance with the generalized coordinate technique, it was assumed that 
vertical and lateral displacements of a signal structure vibrate in a single mode as ℎ(𝑥, 𝑡) =
𝜙ℎ(𝑥)𝑍(𝑡) and 𝑝(𝑥, 𝑡) = 𝜙𝑝(𝑥)𝑌(𝑡), respectively, after applying the technique of separation of 





𝑌(𝑡) are generalized coordinates. The equations of motion can be simplified to only time-
dependent differential equations in 𝑍(𝑡) and 𝑌(𝑡) as follows:  
𝑚ℎ













∗ = ∫ 𝑚ℎ,𝑝(𝑥)𝜙ℎ,𝑝




























, 𝑚ℎ,𝑝(𝑥) is the distributed mass, 𝑀ℎ,𝑝
𝑗
is the lumped mass, 𝑐ℎ,𝑝
𝑗
is the lumped 
mechanical damping,  𝑘ℎ,𝑝
𝑗
is the lumped stiffness, and ( . )’’ are second derivatives of the functions. 
A 3D-FEM model of the signal structure was analyzed in ANSYS to determine the natural 
frequencies of the structure and vibration mode shapes of the mast arm and pole in both vertical 
(or in-plane) and lateral (or out-of-plane) planes while modeling the signal light units as lumped 
masses. The dynamic mode-shape functions for the 1st vibration mode of the mast arm and pole in 
the vertical plane and out-of-plane motions were determined by fitting a curve (second-order 
polynomial) through the numerically obtained mode shapes of the mast arm and pole because of 
lack of a theoretical mode shape function for tapered beams with and without lumped masses. The 
coupled Eqs. (3.5) and (3.6) in the generalized coordinates were solved, where the numerically 
obtained mode shape functions (normalized with mast arm’s tip displacement) were used, to 
calculate the tip response of the mast arm in in-plane and out-of-plane directions. As part of the 
modeling process, a mesh independency study was done first to determine the appropriate mesh 
size (used 210,000 tetrahedral elements) for the FEM model and the natural frequencies obtained 





showed a good match (1.010, 0.996, 1.000 Hz in vertical plane and 0.90, 0.91, 0.93 Hz in lateral 
plane, for the generalized-coordinate model, ANSYS model and full-scale structure, respectively). 
3.3.1 Self-excited load 
This type of wind load is a motion-induced aerodynamic load, produced by vibration of 
the structure subjected to an incoming flow. Flutter derivatives have been widely used to find the 
flutter wind speed of different structures, mainly long-span bridges where the flutter derivatives 
are extracted using section model tests in wind tunnels. Flutter derivatives associated with vertical 
and lateral degrees of freedom (DOF) are listed in Table 3.1. This table shows both the flutter 
derivatives associated with 1DOF or 2DOF motions of mast arm and signal light and those 
identified based on experiment (Exp.) or quasi-steady (QS) theory. 
Table 3.1 Flutter Derivatives (FDs) of vertical and lateral motions for the 
signal light structure. 
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The following equations describe the self-excited loads for two degree of freedom motion.  
𝐹𝑠𝑒









































∗ are flutter derivatives that are functions of reduced velocity (=U/nD), n is the 
frequency, D is a characteristic length which is the variable diameter of the circular section for the 
mast arm and the across-wind backplate height (H) for the signal-light unit (used hereafter), and 
U is the mean wind speed.  Substituting Eq. (3.7) and (3.8) into Eq. (3.3) and (3.4) and gathering 
all terms to the left-hand side produces, the general resulting modified free-vibration equations, 
including aeroelastic effects shown below for a smooth flow in which buffeting and vortex 
shedding are ignored. 
?̈? + 𝐶𝑒𝑓𝑓?̇? + 𝐾𝑒𝑓𝑓𝑦 = 0 (3.9) 
where 𝑦 = {ℎ 𝑝}𝑇, 𝐶𝑒𝑓𝑓 and 𝐾𝑒𝑓𝑓 are the aeroelastically modified effective damping and 
stiffness matrices, respectively. In this study, an iterative least-squares (ILS) method was used for 
extraction of flutter derivatives using a free vibration system. To apply this method, the 
displacement of a section model released from a fixed state of rest with an initial displacement, 
was measured in free vibration system, then digitally filtered and used as an input. A MATLAB 
code was used with a “Butterworth” filter employed as a low-pass filter to remove noise from the 
recorded displacement time history at frequencies higher than the natural frequency of the section 
model. In the ILS method, a state-space model is used as given by Eq. (3.10) 








𝐴 is a 4×4 square matrix. Time histories of the velocity, ?̇?, and the acceleration, ?̈?,  are 





obtained data  to remove noise  and  𝑋 and ?̇? of the mathematical model (Eq. (3.10)) is constructed. 
𝐴 and hence  𝐶𝑒𝑓𝑓 and 𝐾𝑒𝑓𝑓 corresponding to a mean wind speed are identified using the ILS 
method by an iterative technique. The aerodynamic- damping and stiffness in the form of flutter 
derivatives are extracted by subtracting the zero wind values 𝐶𝑚𝑒𝑐ℎ and 𝐾𝑚𝑒𝑐ℎ from 𝐶𝑒𝑓𝑓 and 
𝐾𝑒𝑓𝑓, respectively. A full description for extraction of flutter derivatives and the ILS method can 
be found in the literature (Chowdhury and Sarkar, 2003). 
3.3.2 Vortex-shedding load  
Vortex-induced vibration (VIV) happens when the vortex shedding frequency (𝑓𝑠 =
𝑈𝑆𝑡/𝐷) matches the natural frequency of a structure, which occurs in a small range of wind speeds 
known as a “lock-in” flow regime. In general, the oscillation amplitude of vortex shedding 
excitation in a “lock-in” regime is inversely related to the Scruton number (𝑆𝐶 = 𝑚ζ/𝜌𝐷
2). 
Scanlan (1981) introduced the following semi-empirical nonlinear equation to formulate the vortex 














 + ?̃?𝐿sin (𝜔𝑠𝑡 + 𝜃)] (3.11) 
where 𝜔𝑠 is the circular frequency of vortex shedding, 𝜃 is the phase change, 𝑌1 is the linear 
aeroelastic damping, 𝑌2 is the linear aeroelastic stiffness, 𝜀 is the nonlinear aeroelastic damping, 
and  ?̃?𝐿 is a lift parameter. Since previous studies (Ehsan and Scanlan, 1990) showed that the 
magnitudes of the second and third terms in Eq. (3.11) are negligible compared to the first term, 
















Equation (3.13) was used here to calculate the vortex-shedding load over the mast arm and 
signal light in this study. The vortex-shedding load (𝐹𝑣𝑠
𝑝
) in the along-wind direction was ignored 
since it is negligible compared to other loads. 
3.3.3 Buffeting load 
This type of wind load originating from wind turbulence can be derived in the time domain 
for both vertical and lateral directions, as given in Eqs. (3.13) and (3.14). 
𝐹𝑏
ℎ(𝑠) = 0.5𝜌𝑈𝐷∫ [ 2𝐶𝐿𝑢(𝜎)𝜙ℎ
′ (𝑠 − 𝜎) + (𝐶𝐷 + 𝐶𝐿
′)𝑤(𝜎)𝜙ℎ







𝑝(𝑠) = 0.5𝜌𝑈𝐷∫ [2𝐶𝐷𝑢(𝜎)𝜙𝑝
′ (𝑠 − 𝜎)−𝐶𝐿𝑤(𝜎)𝜙𝑝






where 𝜌 is the air density, 𝑈 is mean wind speed, 𝐶𝐷 is drag coefficient, 𝐷 is the characteristic 




 , 𝑢(𝜎) and 𝑤(𝜎) are wind velocity fluctuating 
components in along and across-wind directions, respectively, 𝑠 = 𝑈𝑡/𝐷 is the non-dimensional 
time, 𝜙ℎ
′ (𝑠) and 𝜙𝑝
′ (𝑠) are derivatives of buffeting indicial functions of 𝜙ℎ(𝑠) and 𝜙𝑝(𝑠) with 
respect to ‘s’, respectively, referred to here as buffeting indicial derivative functions that can be 
extracted using the aerodynamic admittance functions of 𝜒ℎ
2(𝐾) and 𝜒𝑝
2(𝐾) from Eqs. (3.15) and 
(3.16). Aerodynamic admittance functions, 𝜒ℎ
2(𝐾) and 𝜒𝑝
2(𝐾), are functions of reduced frequency 
(K) that relate turbulence in upstream wind flow to the fluctuating wind load on the structure in 
the frequency domain. Equations (3.15) and (3.16) can be used to extract the aerodynamic 


















































𝑝(𝐾) are power spectral densities of the buffeting load in across- and 
along-wind directions, respectively, 𝑆𝑢𝑢(𝐾) and 𝑆𝑤𝑤(𝐾) are power spectral densities of wind 
turbulence in along- and across-wind directions, respectively, and 𝜒ℎ
2(𝐾) and 𝜒𝑝
2(𝐾) are 
aerodynamic admittance functions in vertical and lateral directions. The form of the buffeting 




where 𝐴1, 𝐴2, 𝐴3, and 𝐴4 are constants that can be computed for each of the two DOFs using Eq. 
(3.18) derived from the Fourier transform relationship between  the aerodynamic admittance 























That must satisfy the condition for 𝜒2(0)=1 that gives (𝐴1 𝐴2 + 𝐴3 𝐴4) = 1⁄⁄ . Finally, 
time-domain buffeting loads can be calculated for both vertical and lateral directions by applying 
Eqs. (3.13) and (3.14) after identifying the buffeting indicial derivative functions.   
3.3.4 Simulation of wind fluctuations 
Generation of the wind fluctuations in along-wind (u) and across-wind (w) directions is 





fluctuating components can be simulated if properties such as wind speed and turbulence spectra 
are known for a specific terrain. In this study, the aim was to generate wind fluctuations at the mast 
arm elevation (z=6 m) to calculate the tip response of signal structure at a given mean wind speed 
and turbulent intensity of 10% taken from literature as the average of the values used in selected 
studies on signal structure (e.g. Letchford and Cruzado, 2008; Zuo and Letchford, 2010). For this 
purpose, the empirical forms of the auto-spectra of along-wind velocity fluctuations (u) and across-
wind velocity fluctuations (w) proposed by Tieleman (1995) were used, as given in Eqs. (3.19) 

















where 𝑛 is frequency in Hertz, 𝑆𝑢𝑢(𝑧, 𝑛) and 𝑆𝑤𝑤(𝑧, 𝑛) are power spectral densities (PSDs) and 
𝜎𝑢, 𝜎𝑤  are standard deviations of wind turbulences in along-wind and across-wind directions, 
respectively, 𝑓 = 𝑛𝑧 𝑈(𝑧)⁄   is reduced frequency, and 𝑧 is elevation from ground. The cross-
spectrum of wind fluctuations can be calculated as follows: 
𝑆𝑖𝑗(𝑛) = √𝑆𝑖𝑖(𝑛)𝑆𝑗𝑗(𝑛)𝑒
−?̂? (3.21) 
where i and j represent the ith and jth locations of signal structure along the mast arm, 𝑆𝑖𝑗(𝑛) is 
cross spectra between two points i and j, 𝑆𝑖𝑖(𝑛) and 𝑆𝑗𝑗(𝑛)  are wind turbulence power spectral 









and j; and C is a constant usually between 8 and 16 and in this study assumed as 10. It is assumed 
that the effect of cross-spectrum between the two fluctuating wind components u and w on the 
calculation of buffeting loads is negligible and hence not included here in the numerical simulation 
of the wind velocity. The fluctuating components (u or w) of wind velocity can be calculated as 
follows (Shinozuka, 1971): 




𝑙=1     ,    (i=1, 2,…, M) (3.22) 
where 𝑀 is the number of locations distributed along the signal structure, 𝑁 is the number of 
discrete frequencies over the range of wind spectrum. ∆𝜔𝑘 is the frequency increment, 𝐻𝑖𝑙(𝜔𝑘) is 
the (i, l) element of matrix , the Cholesky decomposition of PSD matrix 𝑆𝑢𝑢 or 𝑆𝑤𝑤 that satisfies 
𝑺 =  . 
𝑇
; where  
𝑇
 is the transpose of the complex conjugate of matrix H. 𝜙𝑙𝑘 is a random 
phase angle that satisfies the uniform distribution between 0 and 2π, and 𝜃𝑖𝑙(𝜔𝑘) is the complex 






3.4 Experimental setup 
In this study, all experiments were performed in the Aerodynamic-Atmospheric Boundary 
Layer (AABL) Wind and Gust Tunnel (2.44 m W×1.83 m H) located at Iowa State University (Wu 
et al., 2017). A new setup was built to measure aerodynamic/aeroelastic loads and pressure 
distributions for static and dynamic wind tunnel tests of the section models. This setup, also 
capable of testing two models in tandem, properly secures the section model for yaw angles in the 





wind tunnel blockage ratio was less than 5% for all tests except for the ones performed with the 
larger 1:1.7 scale signal light model (Fig. 3.6) for which it was about 10%. 
  
Figure 3.3: Wind tunnel test section and experimental setup. 
3.4.1 Signal light model 
Since signal lights may have different positions and configurations, static experiments were 
performed for vertical position (VP) and horizontal position (HP), and for front configuration (FC) 
and back configuration (BC) representing the wind direction with respect to the signal light (see 
Fig. 3.4). The angle of attack defined for the signal light is shown in Fig. 3.4. 
  
(a) Back configuration-BC (b) Angle of attack (AOA)-BC 
  
(c) Front configuration-FC (d) Angle of attack (AOA)-FC 






Since past studies have shown that yaw angle has a significant effect on signal structure 
vibration, the effect of yaw angle and angle of attack defined in Fig. 3.5 were investigated using 
the static setup. As required by this specific type of tests, two scaled signal light models were used. 
The dimensions of the smaller signal light model with a geometric scale of 1/4.2 are shown in Fig. 
3.5. This model was used for all static and dynamic tests except the vortex-shedding tests that 
required a larger but lighter model. The second model, with a geometric scale of 1/1.7 and 
displayed in Fig. 3.6, was used to extract the vortex-shedding properties of a signal light.   
 







Figure 3.6: Vortex-shedding setup (vertical-1DOF) of signal light model with a scale of 1/1.7. 
Table 3.2 summarizes the properties of the dynamic setup and the two scaled signal lights 
for different positions. To represent a free vibration system, eight springs and two air bearings 
were used to capture the displacement of the scaled model using two load cells.  
 
Table 3.2 Properties of two scaled signal lights. 
Parameters Scale 1/4.2 Scale 1/1.7 




Horizontal Pos.  
(HP) 
Backplate height (H) 140 mm 440 mm 349 mm 
Backplate length (L) 440 mm 140 mm 1095 mm 
Mass (M) 3.6 kg 3.6 kg 5.5 kg 
Damping ratio (𝜁) 0.0022  0.0032 0.0152 
Natural frequency (n) 2.22 Hz 2.22 Hz 4.39 Hz 
Stiffness (k) 840 (N/m) 840 (N/m) 4200 (N/m) 
Scruton number 
(𝑆𝑐 = 𝑀𝜁 𝐿𝜌𝐻2)⁄  
0.75 0.35 0.51 
3.4.2 Mast arm model 
Three circular cylinders representing a section of the mast arm were used to conduct static 
and dynamic experiments as required by the specific tests. An aluminum polished tube with 
diameter (D) of 127 mm and of length of 1.52 m was used for static measurements. Two circular 









upstream airflow, to generate the 2D flow. The model had 108 pressure taps distributed on its 
surface for measuring local pressures. There were 36 pressure taps at equal angular spacing of 10 
degrees, along each of the three rings located on the cylinder and spaced 4D or 5D distance apart.  
As shown in Fig. 3.7a, a circular cylinder with diameter of 102 mm and length of 1.52 m was used 
to extract the flutter derivatives of a free vibration system for which the total mass was 3.6 kg, the 
total stiffness was 560 N/m, the natural frequency was 1.99 Hz, the damping ratio was 0.0041, and 
the Scruton number was 0.77. For the buffeting tests, an aluminum polished tube with diameter of 
127 mm and length of 0.61 m was used to measure the admittance functions associated with 
buffeting loads along vertical and lateral directions at different yaw angles. The aspect ratio (L/D 
= 4.8) of the section model used for buffeting tests was kept larger than the correlation length (L/D 
 4) of the wind loads along the model length. Figure 3.7b shows the section model with a gust 
generator fixed upstream of the model to generate a sinusoidal gust at a fixed frequency and 
uniform amplitude over the model’s length. The wind upstream of the gust generator was uniform 
and smooth. The gust generator (two thin plates in parallel with a gap) was supported by a frame 
and connected to a motor by a rod that enabled it to oscillate at a specific frequency and amplitude. 
A load cell (JR3) was fixed on each side of the model for measuring the loads. The upstream wind 
speed of the model was recorded by a velocity probe (Cobra probe, Turbulent Flow 
Instrumentation) located 20 cm downstream of the gust generator. More details on this setup and 
application of the gust generator in extraction of buffeting load parameters can be obtained from 






(a) Free vibration dynamic setup (b) Buffeting setup 
Figure 3.7: Dynamic (vertical-1DOF) and buffeting test setup for mast arm. 
3.4.3 Data acquisition system 
Static loads were measured for the signal light or mast arm model by the two force balances 
(JR3) shown in Fig. 3.8a. As shown in Figs. 3.8a, both JR3s that were perpendicularly attached to 
both sides of the model recorded the three components of force generated by the wind. 
Aerodynamic coefficients CD and CL were directly calculated based on the data collected by this 
system. For force measurements, the sampling rate and sampling time were 500 Hz and 60 s, 
respectively, and a similar setup was used to measure the fluctuating loads in the buffeting tests. 
Surface pressure was measured on the circular cylinder to find the properties of the section model. 
For pressure measurement, two 64-channel pressure modules (Scanivalve ZOC 33/64 Px) were 
utilized with a sampling frequency of 250 Hz and a sampling time of 60 s. The dynamic system, 
including two air bearings, eight springs, and two load cells, is shown in Fig. 3.8b. LabVIEW 
software was used for data acquisition of two load cells attached on either side of the model, one 
on the top and the other one on the bottom. The model displacements for each data recording in 
the dynamic setup were obtained from the averaged spring force measured by the two load cells 
using the spring stiffness in the calculation. The flutter derivatives reported here were extracted by 











(a) Force balance (one end) (b) Dynamic system (one end) 
Figure 3.8: Data acquisition device for static and dynamic measurements. 
3.5 Results and discussion 
3.5.1 Static aerodynamic loads 
3.5.1.1 Signal light  
Although signal lights have different components such as hood, backside for lights, and 
backplate, the aerodynamics of a typical signal light with a backplate with wind approaching from 
the back for normal wind is very similar to that of a flat plate. To demonstrate this, the aerodynamic 
coefficients of a flat plate (infinitely long) are plotted in Fig. 3.9 using Eqs. (3.24) and (3.25), as 
given in the literature (Blevins, 1990). This figure indicates that the slope of 𝐶𝐿 is negative at 𝜃 =
90°. Hence, it shows that sections similar to a flat plate, e.g., a signal light with the above plate, 
might have a negative aerodynamic damping at 𝜃 = 90° requiring measurement of its 
aerodynamic coefficients.  
𝐶𝐿 = 𝐶𝑁cos (𝜃) (3.24) 


















2𝜋 tan(𝜃)                                𝜃 < 8°





       12° ≤ 𝜃 < 90°
 
 
Figure 3.9: Aerodynamic coefficients of a flat plate. 
Since variations of drag and lift coefficients with respect to angle of attack are needed to 






) of the 
signal light at different positions (HP and VP) and configurations (FC and BC) are plotted in Fig. 




). As shown in Fig. 3.10, the signal light lift coefficient (𝐶𝐿) is plotted for 
angles of attack (α) ranging from -10° to +10° at different Reynolds numbers (Re); and the drag 
coefficient (𝐶𝐷) is plotted as a function of Reynolds number for angles of attack ranging from -
10° to +10°. Figure 3.10 indicates that the gradient (
𝑑𝐶𝐿
𝑑𝛼
) of 𝐶𝐿 with respect to angle of attack is 
negative for all cases, while it is not a function of Reynolds number in the studied range. This 
negative slope therefore indicates that this structure can be vulnerable if aerodynamic damping 
becomes negative under special conditions. Furthermore, since the results for a yawed signal light 
(𝛽 = 15°) show that the slope does not significantly change, experiments were not conducted for 
other yaw angles. The results for drag coefficient reveal drag reduction for a special range of 






(a) HP-BC (𝛽 = 0°) 
  
(b) HP-FC (𝛽 = 0°) 
 
 
(c) HP-BC (𝛽 = 15°) 







(d) VP-BC (𝛽 = 0°) 
  
(e) VP-FC (𝛽 = 0°) 
Figure 3.10: (continued) 
The quasi-static aerodynamic damping ratios of a full-scale 5-unit signal light were 
calculated using Eq. (3.2) to obtain static results for comparing the instability for different cases.  
Table 3.3 Properties of full-scale signal light for 







)  ∗(𝒌𝒈) 
   , 𝑳𝑽  
( ) 
 𝑽 , 𝑳   
( ) 
6 up to 30 6.28 307.3 0.58 1.83 
 
The properties of this full-scale signal light with a mast arm length of 18.28 m, earlier 
studied by field measurement (Zuo and Letchford, 2010), are provided in Table 3.3. The calculated 





aerodynamic damping for the full-scale structure (𝜁𝑎𝑒𝑟𝑜
𝐹𝑆 ), the velocity scale for this set of 
experiments was considered as 1/4.2 (𝑈Field/𝑈Wind tunnel(WT) = 1/4.2) by matching the Reynolds 
number. From the results presented in Table 3.4, the HP-BC case has the lowest aerodynamic 
damping that confirms past results. Since it was found that a horizontal signal light with back 
configuration (HP-BC) is the critical case with lowest aerodynamic damping, all dynamic tests 
were performed for this case. 










| =𝟎 + 𝑪𝑫 𝜻   𝒐
𝑭𝑺 (%) 
H5-BC (𝛽 = 0°) 
5.79 0.54 1.36 -0.77 0.59     0.004 
9.77 0.91 1.31 -0.65 0.66     0.008 
12.24 1.14 1.33 -0.67 0.66     0.009 
17.29 1.61 1.33 -0.49 0.84     0.017 
22.33 2.08 1.33 -0.53 0.81     0.021 
24.91 2.32 1.34 -0.56 0.78     0.023 
27.49 2.56 1.34 -0.57 0.77     0.025 
30.06 2.80 1.33 -0.55 0.78     0.028 
H5-FC (𝛽 = 0°) 
5.79 0.54 1.41 -0.18 1.23     0.009 
9.77 0.91 1.36 -0.14 1.22     0.014 
12.24 1.14 1.40 -0.195 1.21     0.018 
17.29 1.61 1.39 -0.17 1.23     0.026 
22.33 2.08 1.40 -0.13 1.27     0.034 
H5-BC (𝛽 = 15°) 
5.79 0.52 1.29 -0.45 0.85     0.006 
9.77 0.87 1.16 -0.61 0.56     0.007 
12.24 1.09 1.20 -0.62 0.57     0.008 
17.29 1.56 1.26 -0.61 0.64     0.013 
22.33 2.01 1.30 -0.54 0.76     0.020 
V5-BC (𝛽 = 0°) 
5.82 1.70 1.51 -1.21 0.30     0.021 
9.76 2.85 1.44 -1.19 0.25     0.029 
12.19 3.56 1.48 -1.21 0.26     0.038 
17.32 5.06 1.48 -1.20 0.28     0.058 
22.39   6.54 1.49 -1.13 0.36     0.097 
V5-FC (𝛽 = 0°) 
5.82 1.70 1.55 -0.96 0.60     0.042 
9.76 2.85 1.48 -0.94 0.54     0.063 
12.19 3.56 1.52 -0.94 0.58     0.085 
17.32 5.06 1.52 -0.95 0.58     0.120 





3.5.1.2 Mast arm 
In Fig. 3.11, the mean drag coefficient (𝐶𝐷(𝛽) =
𝐹𝑝
0.5𝜌𝑈2𝐷𝐿
) of a circular cylinder is shown 
for different yaw angles over a range of Reynolds numbers. These results indicate that drag 
coefficient is reduced when yaw angle is increased. Since the drag coefficient of a yawed circular 
cylinder for 0º ≤ β≤ 30º was found to be nearly constant in a subcritical Reynolds number range, 
the average drag coefficient is plotted for this range of yaw angles in Fig. 3.11. In Fig. 3.11b, the 
highest value of drag coefficient is plotted at 𝛽 = 45º case for a range of Reynolds numbers from 
5×104 to 2.75×105. An empirical equation (Eq. (3.26)) using curve-fitting has been proposed to 
predict the mean drag coefficient as a function of yaw angle while the factor of 𝐹(𝑅𝑒, 𝛽) was 
applied to consider the effects of yaw angle and Reynolds number for yaw angles larger than 30º 
due to variation in drag coefficient. It was assumed that the effect of yaw angle ranging from 30º 




found to be zero for all yawed circular cylinders for 0º ≤ 𝛽≤ 45º in the subcritical Reynolds number 
range. 
  
(a) Reynolds number effect (b) Yaw angle effect 
Figure 3.11: Drag coefficient of a yawed circular cylinder at different Reynold numbers. 
 
𝐶𝐷(𝛽) = 𝐶𝐷(0) × (0.8𝑐𝑜𝑠
2𝛽 + 0.2cos𝛽) × 𝐹
= (0.96𝑐𝑜𝑠2𝛽 + 0.24cos𝛽) × 𝐹(𝑅𝑒, 𝛽°) 
(3.26) 
𝛽 = 0° 
 
𝛽 = 15° 
 
𝛽 = 30° 









1.379 × (1.778 × 108𝑅𝑒−1.746 + 1) × (−0.0125𝛽° + 1)
 
0° ≤ 𝛽 ≤ 30° ,   0.5 × 105 ≤ Re ≤ 2.2 × 105 
30° ≤ 𝛽 ≤ 45° , 0.7 × 105 ≤ Re ≤ 2.7 × 105 
3.5.2 Proposed modification  
Since previous studies have shown that using a wing or horizontal flat plate increases the signal 
structure aerodynamic damping (Pulipaka et al., 1998), a modified signal light inspired by such a wing 
feature was designed for vertical and horizontal signal lights.  
  
(a) Horizontal position 
 
 
(b) Vertical position 
Figure 3.12: Designed aerodynamic dampers attached to signal lights.  
Figure 3.12 shows the vertical and horizontal signal lights with attached aerodynamic 
dampers. The gap between the flat plates and backplate allows air to flow freely through it. This 





damper as intended but also helps to reduce the wake behind the backplate that leads to a reduction 
of the drag force on the signal light. Furthermore, the dimension and the location of flat plates 
attached to the top and bottom of signal structure were designed in such a way that a motorist can 
easily see the signal lights without disruption. Some of the advantages of the modified design of 
signal lights with aerodynamic dampers include simple design, low manufacturing cost, easy 
assembly on the existing signal lights, and prevention of wind-induced vibration not only in the 
“lock-in” flow regime, but also for all ranges of wind speed. 
3.5.3 Self-excited load parameters 
3.5.3.1 Signal light 
Flutter derivatives of vertical and horizontal signal lights (HP-BC & VP-BC) were 
extracted at various reduced velocities for a signal light at 𝛽 = 0° both with an attached 
aerodynamic damper (modified) and without modification (original).  
  
  
(a) HP-BC (b) VP-BC 
Figure 3.13: Flutter derivatives (1DOF-vertical) of original and modified signal light for horizontal 


















In Fig. 3.13, the results of flutter derivatives indicate that 𝐻1
∗ has a lower absolute value for 
a horizontal signal light (HP-BC), which translates to a lower aerodynamic damping compared to 
the vertical case (VP-BC) at a given reduced velocity (RV). Therefore, the dynamic results confirm 
that a horizontal signal light is more unstable than a vertical one since it has lower aerodynamic 
damping. These results also prove that the modified signal light configuration significantly adds 
the positive aerodynamic damping for both horizontal and vertical signal lights over the entire 
range of wind speed.   
3.5.3.2 Mast arm 
Since the properties of a mast arm in “lock-in” regime below the wind speed of 9 m/s were 
desired, the flutter derivatives of a yawed circular cylinder were extracted for the across-wind 
direction using a free vibration system in a wind tunnel. Figure 3.14 shows the results for flutter 
derivatives that exhibits an increase in the ‘”lock-in” regime at 𝛽 = 45°. The flutter derivative 𝐻1
∗ 
as shown in Fig.3.14a describes a linear aerodynamic damping in the self-excited load model and 
hence used outside the “lock-in” regime of the vortex-induced vibration while 𝑌1 and 𝜀 are used 
instead of 𝐻1
∗ in the “lock-in” regime to estimate the non-linear aerodynamic damping for 






Figure 3.14: Flutter derivatives of yawed circular cylinder for different reduced velocities. 
𝛽 = 45° 
𝛽 = 15° 
 
𝛽 = 0° 
 
𝛽 = 30° 
 
𝛽 = 0° 
 
𝛽 = 45° 
 𝛽 = 30° 
 






3.5.4 Vortex-shedding load parameters 
3.5.4.1 Signal light 
The Strouhal number for a yawed signal light corresponding to different Reynolds numbers 
was estimated using point measurement of velocity in the wake. The Strouhal number results are 
plotted in Fig. 2.15, and an empirical equation (Eq. (3.27)) was found for predicting the Strouhal 
number of a signal light at a given yaw angle.  
  
(a) Reynolds number effect (b) Yaw angle effect 
Figure 3.15: Effect of yaw angle and Reynolds number on the Strouhal number of a signal light for 
horizontal position (HP-BC). 
𝑆𝑡(𝛽°) = −0.87𝑐𝑜𝑠2(𝛽) + cos(𝛽) = cos(𝛽) ∗ (−0.87cos(𝛽) + 1) 
(3.27) 
The aerodynamic damping parameters (𝑌1, 𝜀) for signal light vortex-shedding load, as 
presented in Eq. (3.12) for case HP-BC, were needed to simulate the response of signal structure; 
these were found for different yaw angles using Eq. (3.28). The steady-state amplitude of the 
vertical displacement (ho) of the signal light model (scale 1/1.7) for various yaw angles was 
recorded in the “lock-in” regime for two different Scruton numbers (0.51 and 0.54) to enable the 
extraction of the two aerodynamic damping parameters 𝑌1 and 𝜀 using Eq. (3.28), where it is 
assumed based on a past study (Gupta et al.1996)  that these parameters remain almost constant with 
slight variations in Scruton number; for signal light structures with much different Sc from the 
ones used here or signal lights with different shapes or configurations than the ones used here, 
𝛽 = 45° 
 
𝛽 = 30° 
 𝛽 = 15
° 
 






these parameters for VIV have to be first extracted before using them in the procedure outlined 
here. The aerodynamic damping parameters for the signal light model (HP-BC) are given in Table 
3.5 for different yaw angles. The accuracy in predicting the amplitude of VIV using the damping 
parameters identified by the procedure outlined here (using Eq. 28) can be shown to be reasonable 
(<5%) for low Scruton number problems. Alternatively, other methods to identify the damping 
parameters from experimental data that are more accurate for a wide range of Scruton numbers 













Table 3.5 Vortex-shedding properties of a signal light model 
(HP-BC). 
 ° 𝒀𝟏 𝜺 
0° 0.85 830 
15° 0.97 560 
30° 1.50 380 
45° 1.80 150 
3.5.4.2 Mast arm 
The Strouhal number of yawed circular cylinders was measured to identify the “lock-in” 
wind speed for vortex-induced vibration of a yawed mast arm. In Fig. 3.16, the Strouhal number, 
identified from the power spectral density (PSD) of the lift coefficient, is plotted as a function of 
yaw angle in the subcritical Reynolds number regime where it is constant at a given yaw angle. 
This shows that the Strouhal number reduces as yaw angle increases; and an empirical equation 
(Eq. (3.29)) was obtained by fitting a curve to predict the Strouhal number of mast arm at different 






Figure 3.16: Strouhal number as a function of yaw angle for circular cylinder. 
𝑆𝑡(𝛽) = 𝑆𝑡(0) × cos𝛽 = 0.2cos𝛽 0º ≤ 𝛽≤45º (3.29) 
In this study, the values of the aerodynamic damping parameters, 𝑌1 = 10 and 𝜀 = 300, 
for vortex-shedding load of a circular cylinder (𝑌1, 𝜀), as presented in Eq. (3.13) for the mast arm, 
were used from results given in a past study (Gupta et al.1996), as average values specified for a 
range of Scruton numbers (0.75 to 1.25) that are relevant to the signal structure analyzed here. 
Since a past study. Since a past study (Nakagawa et al., 1998) has shown that the amplitude of the 
dynamic response of a yawed circular cylinder in the “lock-in” regime is almost independent of 
yaw angle at a given Scruton number, it was assumed here that these parameters  (𝑌1, 𝜀) do not 
change with yaw angles. For the variable-diameter mast arm of the signal structure analyzed here, 
the Sc is 0.88 for the 0.25% damping case and 1.06 for the 0.30% case (based on the mast-arm tip 
diameter), which overlap with the range of Sc (0.75 to 1.25) corresponding to 𝑌1 and 𝜀 for a circular 
cylinder used here. Similarly, the Sc for the signal light units in the signal structure analyzed that 
influences the vibration the most were 0.49 and 0.59 (5-light unit at the mast-arm tip) and 0.46 and 
0.55 (3-light unit closest to the mast-arm tip) corresponding to the two mechanical damping cases.  
The Sc (0.51 and 0.54) of the signal light wind tunnel model (horizontal configuration) that 
was used to identify its 𝑌1 and 𝜀 (Table 3.5) are similar to the prototype structure. It should be 





literature (Gupta et al., 1996) were identified for the maximum or peak amplitude of the response 
of the wind tunnel sec tion model of a circular cylinder in the “lock-in” regime for = 00 case 
which corresponds to a fixed K (=KL) with respect to the wind speed normal to the mast arm.  Since 
Strouhal number St() of the mast arm (Eq. (3.29)) for a given yaw angle  was used to calculate 
the “lock-in” wind speed U at yaw angle , it translates to essentially using normal component Un 
= UCos of the flow to the mast arm axis where Un corresponds to  = 0o and KL = nD/Un= 
2St(0o) = 2/RV. Thus, damping parameters 𝑌1 and 𝜀 for  = 0
o at KL were also applied for   
0o cases. 
3.5.5 Buffeting load parameters 
3.5.5.1 Signal light 
The buffeting indicial derivative functions of signal light as Eqs. (3.13) and (3.14) were 
needed for time-domain simulation of wind loads acting on a signal structure. For the vertical 
direction (h), it was conservatively assumed that the aerodynamic admittance function is equal to 
one (𝜒2(𝐾) = 1). Buffeting indicial derivative functions of a flat plate from literature (Chang et 
al., 2009) were used for the along-wind (p) direction of the signal light, as given in Eq. (3.30).  
𝜙′
𝑝
(𝑠) = 0.075𝑒−0.513𝑠 + 1.794𝑒−2.111𝑠  (3.30) 
3.5.5.2 Mast arm 
Since the buffeting indicial derivative functions were required to simulate the time-domain 
response of the signal structure, they were extracted for a yawed circular cylinder using a gust 
generator. The power spectral densities (PSDs) of the upstream wind turbulence and aerodynamic 





frequency (K). The tests were repeated at varying wind speeds and different gust frequencies to 
cover the range of reduced frequency over which the aerodynamic admittance functions were 
desired. A LabVIEW program was developed to record the fluctuating aerodynamic loads (drag 
and lift) on the section model in the time domain, and the data was measured at a sampling 
frequency of 100 Hz. The results of aerodynamic admittance and buffeting indicial derivative 
functions for vertical and lateral directions at different yaw angles are shown in Table 3.6. For a 
signal light, the buffeting indicial derivative functions of a flat plate were used for numerical 
simulation of signal light from past studies (Chang et al., 2009). 
Table 3.6 Constants of buffeting indicial derivative function for a circular 
cylinder. 
 ° 𝑨𝟏 𝑨𝟐 𝑨  𝑨𝟒 
 𝝓′𝒉 = 𝑨𝟏 
−𝑨𝟐 + 𝑨  
−𝑨𝟒  
0 0.004 0.005 0.022 0.099 
15 0.031 0.111 0.004 0.006 
30 0.006 0.009 0.049 0.141 
45 1.006 2.183 0.124 0.257 
 ° 𝝓′ = 𝑨𝟏 
−𝑨𝟐 + 𝑨  
−𝑨𝟒  
0 0.359 0.992 0.047 0.083 
15 0.344 0.953 0.045 0.078 
30 0.324 0.898 0.042 0.073 
45 0.039 0.068 0.305 0.855 
3.5.6 Across- and along-wind response  
Aerodynamic and aeroelastic properties of a signal light and mast arm (circular cylinder), 
the main components of a signal structure, were measured using static and dynamic setups. The 
properties of a signal structure with four signal lights were chosen from the literature (Letchford 
and Cruzado, 2008) to simulate tip response and induced stress using the obtained 
aerodynamic/aeroelastic properties. The dimensions and other properties of selected signal 






Figure 3.17: Properties of selected signal structure.  
 
Table 3.7 Properties used to simulate the signal 
structure. 
Parameter Value 
 Signal structure  
Vertical natural frequency (n) 1 Hz 
Horizontal natural frequency (n) 0.93 Hz 
Damping ratio (𝜁) 0.25 % 
 Signal lights 
Mass-5-light 30.4 kg 
Mass-3-light 19.1 (kg) 
 Mast arm 
Diameter (base) 470 mm 
Diameter (tip) 262mm 
Wall thickness 7.94 mm 
Material Steel 
 
As explained in Section 3.3, wind-induced vibration of a signal structure occurs due to self-
excited, vortex-shedding, and buffeting loads. The aerodynamic properties extracted from the wind 
tunnel tests for the signal light and circular cylinder were used to find the tip response of the 
selected signal structure for velocities ranging from 0 to 9 m/s at a constant turbulent intensity of 
10%. This velocity range was selected since past studies showed that signal structures normally 
experience large-amplitude vibration at wind speeds less than 9 m/s. For this purpose, the 





of the generalized displacements (𝑍(𝑡), 𝑌(𝑡)). In this simulation, drag force (stationary term) and 
buffeting load (dynamic term) were applied to the yawed/non-yawed signal structure for the entire 
range of velocities from 0 to 9 m/s. For a given wind speed (𝑈) in this study, the frequency of 
vortex shedding from the mast arm varies along its length proportional to the Strouhal number of 
the circular section for a given yaw angle because of the tapered geometry of the mast arm. The 
vortex shedding frequency is likely to vary in a stepwise manner in “cells” where it is constant 
over discrete lengths of the mast arm and the “lock-in” regime occurs, when the vortex-shedding 
frequency over a specific region of the mast arm equals the natural frequency of vibration, which 
is likely to occur in the region close to the mast-arm tip where the first modal amplitude is large. 
Flutter derivatives of both signal light and mast arm were used for the entire range of velocity 
except for the “lock-in” regime, and vortex-shedding properties of both signal light and mast arm 
were used for the range of velocity where the “lock-in” regime occurs.  
Flutter derivatives of mast arm or signal light for which experimental data was unavailable, 
were estimated based on a quasi-steady assumption (see Table 3.1). Eventually, a MATLAB code 
was developed to solve this coupled-motion simulation in the time domain for vertical (h) and 
lateral (p) directions. Figure 3.18 shows vertical (h) and lateral (p) displacement of a signal 
structure at different yaw angles for velocities ranging from 0 to 9 m/s, while the mechanical 
damping ratio is changing from 0.25% to 0.30%. It was assumed that 𝑌1 and 𝜀 are constant for 
𝜁 =0.25% and 0.30% due to the small change in the Scruton number; however, it is required 
conducting more research to study the effect of Scruton number on 𝑌1 and 𝜀 of mast arm and signal 







(a) 𝛽 = 0° 
  
(b) 𝛽 = 15° 
  
(c) 𝛽 = 30° 
  
(d) 𝛽 = 45° 
Figure 3.18: Along- and across-wind response of a signal structure with four signal lights using a 
2DOF simulation at different mechanical damping ratios. 
In Fig. 3.18, a large-amplitude vortex-induced vibration due to vortex shedding can be seen 

















at a yaw angle of 45° because the “lock-in” regime of signal light and mast arm match at this yaw 
angle, resulting in larger amplitude vibration. The results of this simulation indicate that estimation 
of maximum displacement, critical velocity, and critical yaw angle matches very well with the 
results obtained from field measurements. Moreover, the results show that although increasing 
mechanical damping ratios up to 0.30% can reduce the amplitude of vibration for yaw angles less 
than 45°, it cannot mitigate the vibration very well for a yaw angle of 45°. Across-wind response 
of a mast arm of a selected signal structure without any signal light was calculated for different 
yaw angles to explore the effects of the signal light on vibration of a signal structure. The vertical 
displacement (h) of a mast arm is plotted for mechanical damping ratios of 0.25% and 0.30% in 
Fig. 3.19, showing that the maximum displacement and corresponding mean wind speed at which 
it occurs increase as yaw angle increases up to 45°.  
  
(a) 𝛽 = 0° (b) 𝛽 = 15° 
  
(c) 𝛽 = 30° (d) 𝛽 = 45° 



















Figure 3.19 also shows that signal lights have a positive effect in reducing vibration, since 
the maximum vibration of signal structure with signal lights is less than that with only a mast arm, 
also confirming past field measurement results. 
  
(a) 𝐻1




∗= −3 (d) 𝐻1
∗= −3.5 
Figure 3.20: Vertical response of selected signal structure with new damper using a 2DOF simulation. 
Numerical simulations were conducted for a critical yaw angle of 45° to show the effect of 
the modified signal light with an integrated aerodynamic damper. For this purpose, the vertical 
response of the selected signal structure was calculated once again in a 2DOF system with the 
modified signal lights with an integrated aerodynamic damper in the form of two horizontal plates 
(Fig. 3.12a). In this revised analysis, the flat-plate aerodynamic dampers at the signal-light 
locations are assumed to be acting independently without affecting the aerodynamics of the signal 
lights and vice-versa because the gap between each flat plate and the backplate is large enough 
(31.5 cm). Thus, the aerodynamic properties of the original signal light was used along with the 


















the signal structure is calculated with the modified signal light for different aerodynamic damping, 
i.e. using 𝐻1
∗ values of the two flat-plate aerodynamic dampers located at each signal light unit, 
and plotted in Fig. 3.20. The results show that the vibration of the selected signal structure is 
completely suppressed at wind speeds of 2-3 m/s (see Fig. 3.20) when 𝐻1
∗ is −3.5, whereas Figure 
3.13 indicates that the 𝐻1
∗ of the modified signal light exceeds that of the original signal light by 
−3.5 or larger in magnitude in the “large-amplitude” regime (U=2-3 m/s or RV= 3.4-5.2; where 
D=0.58 m, n=1 Hz), and therefore provides more damping than required. Therefore, it can be 
concluded that the modified signal light can mitigate the signal structure vibration by adding 
additional damping to the system.   
3.5.7 Stress analysis 
The stress in the mast-arm connection to the pole resulting from vertical vibration was 
studied by using the geometry and material properties of a traffic signal structure by Letchford and 
Cruzado (2008) and Zuo and Letchford (2010). Figure 3.21 illustrates the schematic view of a 
traffic signal structure which shows  the distributed  wind load (F(x,t)) on the mast arm and 
concentrated wind loads (F1-4)  on the signal light units and resulting shear (V(t)) and moment 
(M(t)) at the mast-arm connection.  
 





The distributed wind load 𝐹(𝑥, 𝑡) on the mast arm can be defined by Eq. (3.31) while 
assuming the first mode as the most significant vibration mode (Letchford and Cruzado, 2008). 
𝐹(𝑥, 𝑡) = 𝐹0(𝑥)𝑍(𝑡) (3.31) 
where 𝐹0(𝑥) = 𝑚(𝑥)𝜔1
2𝜙1(𝑥), 𝑚(𝑥) is distributed mass of mast arm, 𝜔1 is the angular natural 
frequency of first vibration mode, and 𝑍(𝑡) is the tip displacement. The dynamic wind loads        




where 𝑚𝑖  is the signal light mass. By taking the moment around the connection (x=0), the applied 
moment at the location of connection can be derived by the following equation.  






where Li is the distance of the i
th  signal light from the connection. After finding the moment 𝑀, 
the maximum stress can be calculated by 𝜎𝑚𝑎𝑥 = 𝑀𝑐 𝐼⁄  where 𝐼 is the moment of inertia of the 
cross section, and  𝑐 is the perpendicular distance from the neutral axis of the cross-section of the 
mast arm to the farthest point on the cross section away from the axis. By using the value of peak-
to-peak vibration amplitude, ℎ̂, the following equation, Eq. (3.34), can be used to calculate the 
stress range. The specific constant in Eq. (3.34) was obtained for a specific signal light structure 
that is considered here in this paper and Letchford and Cruzado (2008). 
𝑆𝑟 = 85.57 × ℎ̂ = 171.14 × ℎ (3.34) 
where 𝑆𝑟 is the maximum stress (MPa) and h is the vertical displacement (m). As shown in Fig. 





that when stress ranges are below the constant‐amplitude fatigue level (CAFL), fatigue life is 
considered infinite because there is no fatigue damage. According to the AASHTO standard  
(AASHTO, 2013), the mast arm connection is classified in stress category E, and its CAFL is 
specified as 2.6 ksi (17.93 MPa) in the AASHTO standard (AASHTO, 1996). Therefore, fatigue 
damage can be considerable if the maximum stress value is greater than 2.6 ksi (17.93 MPa). 
  
(a) 𝛽 = 0° (b) 𝛽 = 15° 
  
(c) 𝛽 = 30° (d) 𝛽 = 45° 
Figure 3.22: Stress analysis of selected signal structure in vertical direction. 
Figure 3.22 shows that maximum calculated stress exceeds the allowable stress for large 
yaw angles, especially 45º. The stress values calculated here are consistent with field 
measurements data reported roughly as 3.3 ksi or 23 MPa (Wieghaus et al., 2014) which has 
explained why many signal structures experience fatigue failure over time. As seen in Fig. 3.22, 
the maximum stress in the mast-arm connection at its base resulting from vertical vibration 
increases over a specific range of wind speeds that occurs primarily due to the vortex-induced 
























regime can cause possible fatigue problem because it exceeds CAFL. It can be alleviated by adding 
either modified signal light units mentioned here or wrapping helical strakes around the mast arm 
to increase the positive aerodynamic damping in the structure. 
3.6  Conclusions 
Traffic signal structures, commonly used to control traffic, have exhibited fatigue failure 
in their connections due to wind-induced vibration. In this paper, a generalized method is proposed 
for predicting the coupled across-wind and along-wind response of a traffic signal light structure 
in either a normal or a yawed wind by combining the aerodynamic and aeroelastic properties of 
this multi-component structure with a numerical simulation technique to generate wind loads and 
resulting response in the time domain. For this purpose, wind tunnel tests were conducted in the 
AABL Wind and Gust Tunnel located at Iowa State University. The tests included static and 
dynamic tests on section models of a circular cylinder representing a section of the tapered mast 
arm, and 1/4.2 and 1/1.7 scaled section models of signal light units under uniform and smooth 
and/or gusty flow conditions over a range of yaw angles (0º to 45º) and wind speeds. The 
aerodynamic sectional properties and parameters for self-excited, vortex-shedding, and buffeting 
loads of circular cylinders and signal light units were separately extracted from wind tunnel test 
data and used to numerically simulate the response of the signal structure under both normal and 
yawed wind conditions for wind speeds ranging up to 9 m/s. From static experiments, drag and lift 
coefficients, and the Strouhal number were measured for both a circular cylinder and a signal light, 
and the aerodynamic damping and stiffness parameters, vis-à-vis flutter derivatives (𝐻1
∗, 𝐻4
∗), and 
parameters describing 1DOF vortex-shedding load (𝑌1, 𝜀), and the buffeting indicial derivative 
functions required to estimate the buffeting loads were extracted at different reduced velocities. 





the dynamic motion of a specific signal structure that had been used in a field-measurement study. 
The tip response of a signal structure both with and without signal lights was found in vertical and 
lateral directions at wind speeds ranging from 0 to 9 m/s. From the simulation results, vortex 
shedding of the mast arm was found to be the primary source of vibration at low wind speeds, 
while the present results of amplitude and wind speed range for large-amplitude motions showed 
a good match with results of full-scale measurements. Moreover, the calculated stress on the 
connection between mast arm and vertical support indicate that the maximum stress exceeds the 
allowable stress of 17.93 MPa, possibly causing fatigue failure over time. To mitigate the large-
amplitude motion of a signal structure, a modified signal light unit with an integrated aerodynamic 
damper was designed for vertical and horizontal signal lights using modifications that could be 
easily incorporated into existing signal lights. The vertical response of the example signal light 
compared with that of the modified signal lights show that this new design can significantly reduce 
vibration of the signal structure. This new signal light design mitigates the signal structure not only 
in the “lock-in” regime, but also over the entire range of velocities studied by adding positive 
aerodynamic damping to the system. The fatigue life of the signal structures is expected to increase 
if the modified signal lights are used.  
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Abstract 
Wake-induced aerodynamics of yawed circular cylinders with smooth and grooved 
surfaces in a tandem arrangement was studied. These pair of cylinders represent sections of stay-
cables with smooth surfaces and high-voltage power conductors with grooved surfaces that are 
vulnerable to flow-induced structural failure. The study provides some insight for better 
understanding of wake-induced loads and galloping problem of bundled cables.  All experiments 
in this study were conducted using a pair of stationary section models of circular cylinders in a 
wind tunnel subject to uniform and smooth flow. The aerodynamic force coefficients and vortex-
shedding frequency of the downstream model were extracted from the surface pressure 
distribution. For measurement, polished aluminum tubes were used as smooth cables; and hollow 
tubes with a helically grooved surface were used as power conductors. The aerodynamic properties 
of the downstream model were captured at wind speeds of about 6-23 m/s (Reynolds number of 
5×104 to 2.67×105 for smooth cable and 2×104 to 1.01×105 for grooved cable) and yaw angles 
ranging from 0º to 45º while the upstream model was fixed at various spacing between the two 
model cylinders. The results showed that the Strouhal number of yawed cable is less than non-
yawed case at a given Reynolds number, and its value is smaller than the Strouhal number of single 
cable. Additionally, compared to the single smooth cable, it was observed that there was a 
reduction of drag coefficient of the downstream model, but no change in drag coefficient of the 





Keyword: Tandem arrangement; Smooth and grooved circular cylinders; Yawed cable; bundled 
cables; power conductors. 
4.1 Introduction 
Flow over twin circular cylinders has been extensively studied in the past (Tsutsui 2012, 
Zdravkovich 1987, 1977) due to its wide applications such as heat exchangers, cooling systems, 
offshore structures, marine risers, buildings, struts, grids, bridge piers, periscopes, chimneys, 
towers, power transmission lines, and bridge cables (Sumner 2010). The arrangement of twin 
cylinders depending on the flow direction is classified as tandem, staggered, and side-by-side 
arrangements. For parallel cylinders, when the fluid flow passes the first cylinder (upstream), the 
vortex shedding generated by the first cylinder can influence not only itself, but also the second 
cylinder (downstream) by generating unsteady fluid forces leading to vortex- or wake-induced 
vibration. These flow-induced vibrations can result in fatigue damage or stress-induced failure of 
the cylindrical structure or its components. Although the characteristics of the flow over single and 
tandem cylinders (smooth) in normal flow have been widely investigated by using wind tunnel 
experiments (Jafari and Sarkar 2019, More et al. 2015, Wu et al. 1994) and numerical simulations 
(Braun and Awruch 2005, Wu et al. 2018), the aerodynamics of yawed smooth and yawed grooved 
cylinders in a tandem arrangement has not been fully studied. Past studies on single yawed cylinder 
or cable have shown that an axial flow is produced behind the yawed cylinder in its wake 
interrupting the communication of vortex shedding from the top and bottom surfaces of the 
cylinder (Matsumoto et al. 2010, 1990). In this paper, the aerodynamics of yawed smooth and 
grooved circular cylinders in a tandem arrangement is studied by using a pair of stationary section 
models of circular cylinders in a wind tunnel representing a section of a smooth cable and a power 





There are different types of classification for the flow around twin cylinders that depend 
on distance between two cylinders (spacing ratio) and flow direction. When the horizontal 
normalized spacing ratio (𝑆/𝐷), where 𝑆 is the horizontal distance between the centerlines of 
cylinders and 𝐷 is diameter of the cylinder, is less than two, both cylinders behave as single 
combined cylinder while for large spacing ratios both cylinders act as two individual single  
cylinders (He et al. 2018). Over the past decades, the flow characteristics of tandem cylinders have 
been studied by using either wind tunnel tests or numerical simulations to measure the static or 
dynamic forces. Arie et al. (1983) measured the aerodynamic forces of tandem circular cylinders 
by conducting wind tunnel experiments and concluded that the properties of downstream cylinder 
is independent of upstream one for spacing ratios greater than 10. Alam and Meyer (2013) 
measured the vibration of twin cylinders for staggered arrangement and classified the flow around 
twin cylinders into seven regimes. Kim et al. (2009a, 2009b) carried out the dynamic wind tunnel 
tests for spacing ratios from 0.1 to 3.2 and showed that the dynamic response of upstream and 
downstream cylinders are more dependent for spacing ratios less than 2.7. Liu et al. (2008) studied 
the flow characteristics over equal and unequal twin cylinders to calculate the aerodynamic 
coefficients in smooth and turbulent flow. The results showed that the wake galloping might 
happen for spacing ratios from 3 to 5. Assi et al. (2010a) performed a series of water tunnel tests 
to capture the wake-induced vibration of twin cylinders and proposed several practical solutions 
to suppress the vibration. Huera-Huarte and Gharib (2011) studied the flow-induced vibration of 
side-by-side circular cylinders with an aspect ratio of 5 by performing wind tunnel experiments 
while one cylinder was free or fixed. They reported the vibration amplitude, frequencies, and phase 
synchronization. The results indicated that fixing one of the cylinders is only important when they 





circular cylinders by performing wind tunnel tests and discussed the mechanism of wake-induced 
vibration based on their results. They concluded that the wake-induced vibration of downstream 
cylinder is mitigated if the unsteady vortices of upstream cylinder are suppressed. Armin et al. 
(2018) studied the wake-induced galloping of tandem circular cylinders for spacing ratios of 3.5-
20 at the Reynolds number ranging from 8.7×103 to 5.2×104. They used water tunnel to measure 
the dynamic response of downstream cylinder at different spacing ratios to determine the 
interaction of vortex shedding generated by upstream and downstream cylinders. Particle image 
velocimetry (PIV) technique is another method that has been used to investigate this phenomenon. 
Jenkins et al. (2006) applied two-dimensional PIV to capture the flow field over twin cylinders 
with spacing ratios of 1.4 and 3.7 and showed that wakes are more organized for spacing ratio of 
3.7 than those of spacing ratio of 1.4. Lin et al. (2002) used this technique for tandem cylinders 
with spacing ratios from 1.15 to 5.1 and observed the Kelvin–Helmholtz vortices at spacing ratio 
of 4. Korkischko and Meneghini (2010) conducted the dynamic tests through stereoscopic digital 
particle image velocimetry (SDPIV) to capture the flow around tandem cylinders with spacing 
ratios from 2 to 6. Moreover, they studied the effect of strakes on vibration mitigation and 
concluded that it suppresses the motion of downstream cylinder for some cases. 
Lam et al. (2012) simulated the flow field over yawed plain and wavy cylinders in tandem 
arrangement for spacing ratios from 1.5 to 5.5 by conducting three-dimensional large eddy 
simulation (LES) at yaw angles of 0º and 30º. They compared the results of Strouhal number for 
plain and wavy cylinders at different yaw angles and concluded that spacing ratio of 3.5 is critical 
value for wavy cylinder. Palau-Salvador et al. (2008) incorporated a research based on numerical 
simulation while applying the large eddy simulation (LES) turbulence model to study the flow 





field over twin cylinders using hybrid detached eddy simulation (DES) turbulence model and 
measured the force component, pressure distribution, and dynamic response of cylinders at 
subcritical Reynolds number and spacing ratio of 4 to 5. The results showed that the Reynolds 
number has a strong effect on wake galloping, and the numerical simulations accurately predicted 
the increase of response frequency with increasing wind speed. Carmo et al. (2010) applied direct 
stability analysis and numerical simulation to investigate the secondary instabilities of flow in the 
wake of tandem cylinders for spacing ratios of 1.2 to 10 and explored the dependency of critical 
Reynolds number and flow separation. Dehkordi et al. (2011) measured the Strouhal number, drag 
and lift coefficients of tandem circular cylinders by conducting a two-dimensional numerical 
simulation in laminar and turbulent flows. They carried out the simulations for Reynolds number 
ranging from 100 to 22,000 and validated the obtained results with experimental data.  
Apart from past studies on aerodynamic instability of single cables because of vortex-
induced vibration, rain-wind-induced vibration, and galloping (Shen et al.  2018, Burlina et al. 
2018, Li et al. 2016, An et al. 2016, Gorski et al. 2016, Li et al. 2016), there were studies on tandem 
cables especially in non-yawed arrangement to capture the wake-induced instability of structural 
cables and power transmission lines. Wake-induced galloping of cables usually occurs for 
moderate spacing ratios (Tokoro et al. 2000). For tandem smooth cables, the only criterion 
describing the onset of wake galloping instability has been proposed by FHWA (Kumarasena et 
al. 2007) that is triggered when the wind speed exceeds Ucr = cfnD√Sc, where c is a constant 
dependent on inter-cable spacing and orientation, fn is the natural frequency, D is the cable 
diameter, and Sc is the Scruton number. The constant number of c has the value of 25 and 80 for 
horizontal and vertical spacing ratios of 2-6 and 10, respectively (Kumarasena et al. 2007). 





suppressing the wake galloping of two parallel cables. They did the experiments for staggered 
configuration at different wind incident angles and concluded that the critical wind incident angle 
is 5°. Tokoro et al. (2000) studied the aerodynamics of tandem cables by performing a series of 
wind tunnel tests for different spacing ratios (normalized distance between cables) ranging from 
4.3 to 8.7 to study the wake galloping of parallel cables. They concluded that the smooth cables 
are stable for spacing ratios greater than 6.5 and showed that the vibration of leeward (downstream) 
cable depends on both reduced velocity and Reynolds number. Li et al. (2013) conducted a study 
on wake-cable galloping using wind tunnel experiment to study the three-dimensionality of flow 
and measured the wind response. They also showed the effectiveness of attaching flexible and 
rigid connections between the cables located at their mid-span and quarter-span positions. Kim 
and Kim (2014) performed wind tunnel test to measure the wake-induced vibration of smooth 
cylinders and found that the vibration amplitude becomes larger for smaller spacing ratios. They 
observed random vibration only for the large spacing ratios due to less interaction between vortex 
shedding of upstream cylinder and downstream one. Acampora et al. (2014) carried out full-scale 
monitoring and wind tunnel test on arrangement of twin cables for the Øresund Bridge to extract 
the aerodynamic damping and stiffness using the Eigenvalue Realization Algorithm (ERA). He et 
al. (2018) studied the wake-induced galloping of tandem cables through wind tunnel measurement. 
They observed a large-amplitude vibration for downstream cable and showed the tendency of 
increase in vibration frequency with increasing wind speed. Gawronski (1978) simulated the wake-
induced vibration of bundle power transmission lines and smooth cables and indicated that wake 
galloping occurs at higher wind speed by increasing the spacing ratio. The comparison between 
twin smooth cables and conductors demonstrates that the galloping instability occurs in higher 





This paper focuses on the measurement of drag and lift, Strouhal number, and surface 
pressure distribution of yawed cylinders in a tandem arrangement for different spacing ratios at 
yaw angles ranging from 0º to 45º. This study would provide some insight for better understanding 
of wake-induced loads and galloping problem of bundled cables. According to the past studies, the 
critical spacing ratio of smooth and grooved cylinders for the downstream cylinder that experience 
the wake-induced vibration is reported as ranging from 4 to 6 (Tokoro et al. 2000) and 10 to 20 
(Lilien and Snegovski 2004), respectively. Therefore, a series of static wind tunnel experiments 
were performed to study the flow characteristics of tandem circular cylinders with smooth and 
grooved surfaces representing the flow over tandem smooth cables and conductors. Additionally, 
the coherence coefficient of the downstream cylinder was reported to reveal the dependency of the 
measured data on the section model’s aspect ratio (length/diameter). The results indicate that the 
coherence coefficient is almost zero for non-yawed section models with aspect ratios greater than 
10 while the minimum aspect ratio for the corresponding yawed cases to satisfy the independency 
of measured data in spanwise direction is greater than 10.  
4.2 Experimental setup 
In this study, all experiments were performed in the AABL Wind and Gust Tunnel (2.44 
m W×1.83 m H) located at Iowa State University. The maximum wind speed of this closed-circuit 
wind tunnel is 50 m/s while the turbulence intensity of flow is approximately less than 0.2% 
generating a uniform and smooth flow. A new setup was designed to experimentally calculate the 
aerodynamic forces and surface pressure distribution on the surface of yawed cylinders (see Fig. 












is the angle that the axis of the cylinder makes with the plane that is normal to the wind direction, 
S or s is the distance between the axes of the two cylinders while D or d is the diameter of the 
smooth and grooved cable, respectively, and S* or s* is normalized distance between the two 
cylinders. The definitions of yaw angle (𝛽) and space ratio (𝑆∗ =
𝑆
𝐷
) are shown in Fig. 4.1. For all 
experiments, the blockage ratio was found less than 5%.  
 
 
(a) Yaw angle ( ) (b) Description of space ratio (𝑺∗ 𝐨𝐫  ∗)  
Figure 4.1: Test setup and definition of yaw angle ( ) and space ratio for tandem cylinders. 
4.2.1 Model description: smooth cables 
Two identical aluminum polished tubes or circular cylinders with a diameter (D) of 127 
mm and a length (𝐿) of 1.52 m were used as section models of the smooth cables arranged in 
tandem. Two end plates with circular cross section and diameter of 4D were fixed on both ends of 
the models to provide a two-dimensional flow over the normal and yawed cylinders. The pressure 
distribution of the downstream model was measured by performing static wind tunnel tests to 
extract the aerodynamic forces and other properties of downstream cylinder corresponding to  
space ratios (𝑆∗) of 4, 5, and 6 at yaw angles (𝛽) of  0º, 15º, 30º, and 45º. As shown in Fig. 4.2, the 







at three sections and along the axis of the model. There were 36 pressure taps at equal angular 
spacing of 10 degrees along each of the three rings located on the cylinder spaced by 4D or 5D 
distance apart and 20 other pressure taps at equal spacing of 1D along the length of the cylinder in 
between the rings, seven taps each at 𝜃=0o and 90o and 6 taps at 𝜃 =180o (see Figs. 4.2a and 4.2b). 
Furthermore, the aerodynamic loads were recorded by two load cells (JR3) attached at each side 
of models to verify the pressure data. Figure 4.3 shows the experimental setup for tandem circular 
cylinders at the yaw angle of 45º and shows that the load cells and pressure transducers used for 
the measurements are attached to the downstream cylinder. The experiments were carried out in 
the uniform and smooth flow (<0.2% turbulence) at wind speeds of 5.9-22.6 m/s. 
 
 
(a) Tap distribution on model (b) Tap arrangement 
Figure 4.2: Pressure taps distributing on the smooth cylinder. 
 






4.2.2 Model description: conductors 
To model the surface of a high-voltage power transmission line or conductor, a grooved 
surface representing the helical strands of an aluminum conductor at the same scale was made by 
a 3D printer (Connex). In this regard, 32 helical strands with a pitch of 0.762 m were designed for 
the two grooved cylinders as shown in Fig. 4.4. The maximum diameter (𝑑) and length of the 
model (𝑙) are 56 mm and 1.52 m, respectively. Although the aspect ratio (𝑙/𝑑=27) was enough to 
avoid the edge effects, two end plates with circular cross section and diameter of 5d were fixed on 
two sides of the model and aligned with the flow direction to ensure two-dimensionality of the 
flow and avoid edge effects. For pressure measurement, 91 pressure taps were uniformly 
distributed on its surface to measure the local pressures. All dimensions of the grooved model and 
the cross section are illustrated in Fig. 4.4. As shown in Fig. 4.4a, each model has generally four 
rings with 16 pressure taps at equal angular spacing of 22.5 degrees. Since the pressure distribution 
on the surface of each strand may differ from the pressure in existing gap between the strands, two 
rings (R1T, R2T) were located on the top or crest of the strands, and two rings (R1B, R2B) at  the 
bottom or trough of the valley between the strands (see Fig. 4.4b). Additionally, the surface 
pressure along the axis of the model was also measured at equal spacing of 2.25d to determine the 
coherence of spanwise pressure distribution. The experiments were performed for space ratios 
(𝑠∗ = 𝑠/𝑑) of 10, 15, and 20 at yaw angles of 0o, 15o, 30o, and 45o. The test setup of tandem 







(a) Pressure tap distribution (b) Top (T) and bottom (B) taps 
Figure 4.4: Schematic of grooved model with pressure taps. 
 
Figure 4.5: Test setup of yawed grooved cylinders in tandem arrangement. 
4.2.3 Data acquisition  
Two 64-channel pressure scanner (ZOC 33/64 Px- Scanivalve) were employed for pressure 
data measurement. To minimize the error in the pressure measurements due to the tubing length, 
both ZOCs were placed inside the wind tunnel near the model (see Figs. 4.3 and 4.5). Furthermore, 
a Scanivalve ERAD module was used to read and assimilate data from two ZOC modules and 
transmit it to the computer. The sampling rate and sampling time for all pressure measurements 
were 250 Hz and 60 s. To reduce the experimental error, three data sets for each test were recorded 
with LabVIEW (National Instruments) software, and the average values of results extracted from 






component load cells (JR3s) while were perpendicularly attached to both sides of the model and 
recorded the aerodynamic forces and moments along the three axes. The sampling frequency and 
the sampling time for the JR3 were 500 Hz and 60 s, respectively.  
4.3 Results and discussion 
4.3.1 Tandem smooth cylinders 
In this study, the Strouhal number of the yawed cylinder was defined as 𝑆𝑡(𝛽) = 𝑓𝑠𝐷/𝑈 
where 𝛽 is yaw angle as explained earlier, 𝑓𝑠 is the frequency of vortex shedding, 𝐷 is the diameter 
of the cylinder, and 𝑈 is the mean wind speed. The Strouhal number of downstream cylinder was 
calculated from the power spectral density (PSD) of lift coefficient for different space ratios of 4, 
5, and 6 at yaw angles from 0º to 45º.  
 
Figure 4.6:  PSD of lift coefficient of the downstream model of two tandem smooth cylinders at 𝛽 =
0° and 𝑈 =18.5 m/s. 
  
(a) Single  (b) Tandem 
Figure 4.7: Strouhal number of yawed smooth cylinder (downstream) in tandem arrangement of two 





In Fig. 4.6, the PSD of lift coefficient of the downstream cylinder versus reduced frequency 
(𝑘 = 𝑓𝐷/𝑈) is plotted for different space ratios at wind speed of 18.5 m/s, and the Strouhal number 
is reported based on the peak value of the PSD. Since the Strouhal number was almost constant at 
subcritical Reynolds number, the average value of Strouhal number of the downstream cylinder is 
plotted in Fig. 4.7b for different yaw angles and space ratios. As shown in Fig. 4.7b, the Strouhal 
number of downstream cylinder in a tandem arrangement is less than the Strouhal number of a 
single cylinder (see Fig. 4.7a) that is in good agreement with past studies for non-yawed cylinders 
in tandem arrangement. Furthermore, the results indicate that the Strouhal number increases with 
larger space ratio at a given yaw angle as expected because the downstream cylinder behaves like 
a single cylinder when the space ratio is beyond some critical value. 
Correlation coefficient is another important parameter to characterize the aerodynamic 
forces of normal and yawed circular cylinders (Cheng and Tanaka 2005). The spanwise behavior 
of flow around the second cylinder was studied by finding the normalized coherence coefficient 
varying from 0 to 1 from the pressure distribution along the cylinder axis. Accordingly, the 
magnitude squared coherence coefficient (𝛾2), which is defined in Eq. (4.1), was calculated from 
pressure data collected at 10 locations with equal spacing of D placed at the top of the cylinder 






where 𝐶 is the normalized spanwise coherence coefficient ranging from 0 to 1, 𝑆𝑖𝑗  is the cross-
power spectral density, 𝑆𝑖𝑖  and 𝑆𝑗𝑗  are the auto-power spectral density of pressure data, i and j are 





distributing along the cylinder axis separated by distance Δ𝑥. Figure 4.8 shows the contour plot of 
normalized coherence coefficient of pressure data in the spanwise direction for different space 
ratios and normal reduced frequencies (𝑘𝑛 = 𝑓𝐷/𝑈𝑛), where 𝑈𝑛 = 𝑈𝑐𝑜𝑠(𝛽)), at various yaw 
angles. As shown in Fig. 4.8, the normalized coherence coefficient of non-yawed cylinder (𝛽 =
0°) becomes almost zero for a separation ratio (x/D) greater than 9, which means the captured data 
in spanwise direction is uncorrelated for aspect ratios greater than 10. Furthermore, the results 
shown in Fig. 4.8 indicate that the minimum aspect ratio for yawed cylinders, especially for 𝛽=15º 
and 30º, should be greater than 10 to study flow around them because of the larger correlation 
length. The comparison of spanwise coherence of pressures also demonstrates that the range of 
reduced frequency or vortex shedding frequency, which has non-zero coherence coefficient, 
enlarges as yaw angle increases, and the peaks for yaw angle of 45º are not as dominant as other 
yaw angles. The reason to explain this phenomenon can be explained as the effect of axial flow 
behind the cylinder that mitigate the strength of vortex shedding as yaw angle increases due to the 
interaction vortex shedding and axial flow. Additionally, the low resolution of pressure tap number 
distributed along the axis can be another effective parameter that requires more investigation.  
  
𝛽 = 0° 𝛽 = 15° 
Figure 4.8: Comparison of normalized coherence coefficient of spanwise pressure distribution for the 






𝛽 = 30° 𝛽 = 45° 
𝑆∗=4 
  
𝛽 = 0° 𝛽 = 15° 
  
𝛽 = 30° 𝛽 = 45° 
𝑆∗=5 
  
𝛽 = 0° 𝛽 = 15° 






𝛽 = 30° 𝛽 = 45° 
𝑆∗=6 
Figure 4.8: (continued) 
The drag coefficient (𝐶𝐷(𝛽) = 𝐹𝐷 0.5𝜌𝑈
2𝐷𝐿)⁄  of downstream cylinder is plotted for space 
ratios (𝑆∗) of 4, 5, and 6 at different yaw angles in Fig. 4.9b-9c.  
  
(a) Single cylinder  (b) Tandem cylinders, 𝑆∗=4 
 
 
(c) Tandem cylinders, 𝑆∗=5 (d) Tandem cylinders, 𝑆∗=6 
Figure 4.9: Mean drag coefficient of downstream cylinder for 𝑆∗=4, 5, 6 at different yaw angles. 
The results show that CD reduces with increasing yaw angle at a given Reynolds number. 
Additionally, the drag coefficient decreases at each yaw angle as the Reynolds number increases, 
and this reduction is more for smaller yaw angle at a given space ratio. As a result, it seems that 





with single cylinder (see Fig. 4.9). The lift coefficient was found to be zero that is consistent with 
past studies for non-yawed cylinders in tandem arrangement (Alam and Meyer 2013). In Figs. 
4.10-12, the mean pressure coefficient distribution around the downstream cylinder is plotted for 
space ratios (𝑆∗) of 4, 5, 6 at different Reynolds numbers. The experimental results shows that the 
reattachment point for 𝑆∗=4 is located at −40º (lower surface) as shown in Fig. 4.10 that is 
consistent with a past study (Sharman et al. 2005) and verifies the present flow measurement.   
  
(a) 𝛽 = 0° (b) 𝛽 = 15° 
  
(c) 𝛽 = 30° (d) 𝛽 = 45° 
Figure 4.10: Mean pressure coefficient of downstream cylinder for 𝑆∗=4. 
  
(a) 𝛽 = 0° (b) 𝛽 = 15° 






(c) 𝛽 = 30° (d) 𝛽 = 45° 
Figure 4.11: (continued). 
  
(a) 𝛽 = 0° (b) 𝛽 = 15° 
  
(c) 𝛽 = 30° (d) 𝛽 = 45° 
Figure 4.12: Mean pressure coefficient of downstream cylinder for 𝑆∗=6 
4.3.2 Tandem grooved cylinders 
Since the comparison of the mean pressure distribution on top and bottom surfaces of the 
downstream grooved cylinder showed insignificant difference, the pressure data of the top surface 
at each ring of taps was used to calculate the properties of downstream model. The Strouhal 
number of the downstream cylinder was calculated from the PSD of the lift coefficient versus 





shows a peak in the PSD for each case with same magnitude indicating that the strength of vortex 
shedding is approximately similar for yawed cylinders at all space ratios. In Fig. 4.14, the Strouhal 
numbers for the downstream yawed cylinder are shown for different space ratios. From the plots 
in Fig. 4.14, it can be concluded that the Strouhal number varies slightly with space ratio, but it is 
not significant enough that means the effect of space ratio beyond 10 on the Strouhal number for 
the downstream cylinder is negligible across different yaw angles.  
 
Figure 4.13: Power spectral density of lift force of tandem grooved cylinder for 𝑠∗=10, 15, 20 at 𝛽 =
0° and 𝑈 =18.5 m/s. 
 
Figure 4.14: Strouhal number of downstream grooved cylinder for different space ratios. 
The normalized coherence coefficient of a grooved cylinder was calculated from 25 
pressure taps distributed along the axis for different space ratios and yaw angles. The results that 
are shown in Fig. 4.15 as contour plot of normalized coherence coefficient versus normal reduced 





the spanwise direction. According to the obtained results, there is no dependency beyond the 
separation ratio (x/D) of 10 for non-yawed cylinder that is similar to the behavior of tandem smooth 
cylinders. However, the normalized coherence coefficient of yawed cylinder becomes nearly zero 
for separation ratios or aspect ratios greater than 20. For larger yaw angles, the results of coherence 
coefficient indicate that the dependency of data in spanwise direction occurs in the wider range of 
vortex shedding frequency or Strouhal number that can be due to interaction between vortex 
shedding and axial flow.  
  
𝛽 = 0° 𝛽 = 15° 
  
𝛽 = 30° 𝛽 = 45° 
(a) 𝑠∗=10 
  
𝛽 = 0° 𝛽 = 15° 
Figure 4.15: Comparison of normalized coherence coefficient of spanwise pressure distribution for 






𝛽 = 30° 𝛽 = 45° 
(b) 𝑠∗=15 
  
𝛽 = 0° 𝛽 = 15° 
  
𝛽 = 30° 𝛽 = 45° 
(c) 𝑠∗=20 
Figure 4.15: (continued). 
The drag coefficient is shown for space ratios (𝑠∗) of 10, 15, and 20 in Fig. 4.16. The results 
show that the drag coefficient reduces at larger yaw angles, which is consistent with the results 
identified for a smooth cylinder. Furthermore, the drag coefficient for larger space ratios increases 
at a given Reynolds number and yaw angle while there is no variation in drag coefficient at a given 
yaw angle and space ratio. Additionally, the results show that the mean lift is zero for all cases of 











Figure 4.16: Mean drag coefficient of downstream grooved cylinder for 𝑠∗=10, 15, 20 at different yaw 
angles. 
The mean pressure coefficient corresponding to the surface of the grooved cylinder is 
plotted for the Reynolds numbers of 3.7×104 −7.7×104 in Figs. 4.17 and 4.18. Although the results 
indicate the mean pressure around a grooved cylinder is almost symmetric, there is a slight 
difference in pressure distribution between the top and bottom surfaces, which can be due to the 






(a) 𝛽 = 0° (b) 𝛽 = 15° 
  
(c) 𝛽 = 30° (d) 𝛽 = 45° 
Figure 4.17: Mean pressure distribution of tandem yawed grooved cylinder for 𝑠∗=10. 
  
(a) 𝛽 = 0° (b) 𝛽 = 15° 
  
(c) 𝛽 = 30° (d) 𝛽 = 45° 






(a) 𝛽 = 0° (b) 𝛽 = 15° 
  
(c) 𝛽 = 30° (d) 𝛽 = 45° 
Figure 4.19: Mean pressure distribution of tandem yawed grooved cylinder for 𝑠∗=20. 
4.4 Conclusions 
Inclined cables have frequently shown moderate- to large-amplitude vibration due to wind 
excitation that causes damage. This paper primarily studies the flow characteristics of smooth and 
grooved cylinders placed in the wake of another one representing a section model of smooth cables 
used, for example as stay-cables in bridges, and grooved cables used as helically-wound 
conductors in power transmission lines. However, the results of this study are applicable for other 
applications of circular cylinders and are not limited to structural cables and conductors. In this 
study, the flow measurement was conducted on the second cylinder for two parallel cylinders in a 
tandem arrangement by performing wind tunnel experiments in static condition. The wind tunnel 
tests were conducted for different yaw angles and space ratios (normalized distance between the 
cylinders) for a range of Reynolds number. For this purpose, two polished tubes with an aspect 





a 3D printer, were employed to capture the surface pressures on the cylinder at yaw angles of 0º, 
15º, 30º, and 45º. The pressure data was recorded by the pressure taps that were distributed 
circumferentially along three separate rings and along the axis of the cylinder to investigate the 
flow behavior around the cylinder and its spanwise direction. The Strouhal number and drag 
coefficient were calculated for different space ratios and yaw angles. For both models with smooth 
and grooved surfaces, the results indicate that the Strouhal number of a yawed cylinder is smaller 
than the normal case at a given Reynolds number while the Strouhal number of downstream 
cylinder is smaller than the Strouhal number of a single cylinder. Furthermore, the drag coefficient 
of a grooved cylinder is almost constant in the range of Reynolds number tested in this study, while 
a drag reduction was observed for smooth cylinder with increasing Reynolds number. The 
spanwise flow behavior of the cylinder was investigated by showing the contour plots of 
normalized coherence coefficients that were identified from spanwise pressure distribution. For all 
space ratios, the normalized coherence coefficient of non-yawed cylinder (𝛽 =0°) becomes close 
to zero beyond the aspect ratio of 9. Therefore, the obtained results indicate that the minimum 
aspect ratio for yawed cases should be greater than 10 to capture the uncorrelated data. 
Furthermore, the comparison shows that the range of Strouhal number with non-zero coherence 
coefficient increases as yaw angle increases, and the peaks for yaw angle of 45º are not as dominant 
as other yaw angles indicating either absence or reduced strength of vortex shedding. This 
phenomenon can be explained by the effect of axial flow behind the cylinder that increases in 
magnitude with increasing yaw angle and helps to reduce the strength of vortex shedding from the 
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Abstract 
Dry and ice galloping of power transmission lines (conductors) that occur at moderate to 
large wind speeds cause large-amplitude motion in these long-suspended cables. This phenomenon 
can cause catastrophic damages such as flashover, wire burning, tripping, transmission line tower 
collapse, accident, interphase short circuit, and structural or fatigue failure of transmission towers 
or conductors. Wind-induced vibration in cables that has been extensively studied can be classified 
based on its source such as rain-wind induced vibration (RWIV), vortex-induced vibration (VIV), 
wake galloping, and dry/ice galloping. This study primarily focuses on the predictions of time-
domain response and onset of dry- and ice-conductor galloping by measuring the self-excited and 
buffeting load parameters of the bare conductors and conductors with ice formation in normal and 
yawed wind. In this regard, a series of static and dynamic wind tunnel experiments were performed 
to fundamentally study the conductor vibration in dry and ice conditions. Surface pressure 
distribution and aerodynamic forces were measured for stationary section models of non-yawed 
and yawed dry conductors in a smooth flow, and the dynamic response of a dry and iced conductor 
using a one-degree-of-freedom system was recorded by employing a free vibration setup to extract 
self-excited load parameters. Buffeting load parameters were measured by generating a sinusoidal-
oscillating wind upstream of dry and iced conductors for different yaw angles. The experiments 
resulted in identification of the Strouhal number (𝑆𝑡), aerodynamic load coefficients (𝐶𝐷, 𝐶𝐿), 





conductor for yaw angles (𝛽) ranging from 0º to 45º. Dynamic tests led to proposing of  several 
empirical equations to determine the critical reduced velocity (𝑅𝑉𝑐𝑟) or critical wind speed for dry 
and ice galloping of conductors at a given Scruton number (𝑆𝑐ℎ) and  yaw angle. Finally, a 
procedure was proposed to calculate the least damping required to suppress the conductor 
galloping under dry or iced conditions up to the design wind speed. The wind load parameters 
identified in this study can be used to numerically simulate the dynamic load and response in time 
domain of dry and iced conductors in turbulent wind. 
Keyword: Dry/ice galloping; Power transmission line; Conductor vibration; Wind-induced 
vibration; Flutter derivative; Buffeting load parameters; Vibration control. 
5.1 Introduction 
Dry and ice galloping of power transmission lines (conductors) occur at low frequency 
(0.1-3 Hz) that result in a large-amplitude motion ranging from 5 to 100 times the conductor 
diameter (Lee, 2011). This large amplitude vibration can cause catastrophic damages such as 
flashover, wire burning, tripping, tower collapse, accident, interphase short circuit, and structural 
or fatigue failure of transmission towers or conductors (Matsumiya et al., 2018). Although ice 
galloping of conductors has been given more importance than dry galloping because it occurs at 
lower wind speeds than the latter due to ice accretion, conductors are also prone to a large-
amplitude vibration owing to dry galloping. Parameters that significantly influence the onset of ice 
galloping are wind speed and wind direction, ice size and shape, and conductor properties. This 
type of galloping occurs when ice accumulates on the conductor’s windward (front) side at wind 
speeds ranging from 4 to 20 m/s. The crescent shape of ice accretion on conductors is the most 





accretion, the cross section of the conductor gets altered that leads to unstable aerodynamic loads 
on the conductor to cause large-amplitude vibration known as ice galloping. Although there are a 
number of studies on ice formation over a conductor’s surface in different atmospheric conditions, 
ice galloping of conductors has not been fully studied to determine the primary mechanisms and 
onset conditions of its vibration. In this study, dry and ice galloping of power transmission lines 
in normal and skewed winds were investigated by performing static and dynamic tests on model 
conductors in a wind tunnel to measure their aerodynamic and aeroelastic load parameters that 
resulted in formulating of empirical criteria for onset of dry- and ice-conductor galloping and the 
required tool to predict the vibration of a conductor at a given wind speed.   
The wind-induced galloping of power transmission lines has been studied since early 1930s 
by using the one-degree-of-freedom (1DOF) dynamic system (Cremer et al., 1995; Den Hartog, 
1932). Later, new analytical and experimental approaches were introduced to study the two-  and 
three-degree-of-freedom (2DOF and 3DOF) systems in vertical, lateral, and torsional directions 
(McComber et al., 1983; Nigol and Buchan, 1981; Richardson, 1981). Xinmin et al. (2012) 
measured the aerodynamic forces on an ice-accumulated conductor by performing wind tunnel 
tests. They found that the mean aerodynamic force coefficients of an iced conductor vary with 
angle of attack resulting in a conclusion that the absolute value of aerodynamic coefficients 
increases with ice thickness. The Strouhal number of an ice-accumulated conductor was measured 
by Zdero and Turan (2010) at different angles of attack and ice thicknesses. Dual-vortex-shedding 
frequency peaks were observed for a special case at zero angle of attack and wind speed beyond 
22 m/s. Furthermore, the obtained results indicated that the Strouhal number has its highest value 
at zero angle of attack. Nigol and Buchan (1981) studied the influence of ice formation on the 





Their results showed that static test alone is not sufficient to investigate ice galloping. Chabart and 
Lilien (1998) conducted a series of wind tunnel experiments on iced conductors to measure the 
aerodynamic and aeroelastic loads. Their results demonstrated that the lift coefficient is 
independent of angles of attack ranging from −180º to +180º at wind speeds of 10-20 m/s. Kim 
and Sohn (2018) used both numerical and experimental methods to study the influence of elliptical 
and triangular ice shapes on galloping instability of a conductor. They observed that the drag 
coefficient increases with ice thickness while the lift coefficient was zero for angles of attack 
ranging from 0º to 180º. Gurung et al. (2002) conducted full-scale measurement on the "Tsuruga 
Test Line" to measure the dynamic response of conductors covered by ice. They measured the 
frequency, displacement, and aerodynamic damping and observed second vibration mode for ice-
conductor galloping. Chadha and Jaster (1975) studied the effect of ice formation through wind 
tunnel tests and presented a mathematical model for the prediction of galloping response for 
different ice shapes. The results indicated that although an ice-accumulated conductor may show 
stability based on Den-Hartog’s criterion, it still has potential to vibrate due to dynamic coupling 
effects. Moreover, the predicted vibration amplitude of the models while considering the inertia 
coupling is greater than those that were calculated by Den-Hartog’s criterion. In a different 
approach, Meng et al. (2011) investigated the ice formation on the power transmission lines 
through physical tests by hanging lumped loads. They validated the developed numerical approach 
to predict the ice-conductor galloping by comparing the results with experimental data. 
Numerical approaches such as computational fluid dynamics (CFD) techniques and finite 
element methods (FEM) have also been employed to explore the ice-galloping instability of power 
transmission lines. Zhang et al. (2017) simulated the ice accretion over a conductor using the 





number varying from 6 to 18 on the collision efficiency at wind speeds of 5-30 m/s. Foti et al. 
(2017) presented a model to explore the galloping instability of smooth cables covered by ice using 
FEM and validated the procedure by past results. Wang and Lou (2009) evaluated the capability 
of cable element theory and finite element method to study the ice-conductor galloping. They 
simulated the insulator strings, remote span, and turbulent flow using a time-domain approach. 
According to their results, the support condition of the conductors and wind speed were found as 
the most significant factors that influenced the conductor vibration. Foti and Martinelli (2018) 
applied the formulation of beam and cable element theory to study the dynamic response of a 
power transmission line with ice accretion. The comparison between the results of cable and beam 
element theory showed a good agreement while both methods accurately predicted the galloping 
instability. Desai et al. (1995) applied the finite element method to model the ice accretion over a 
conductor and validated the numerical results with experimental data. They concluded that it is 
required to simulate multi-span conductors in order to accurately predict galloping instability.  
This paper focuses on identification of parameters for aerodynamic and aeroelastic loads 
that govern dynamic response of power transmission lines with or without ice in smooth and 
turbulent wind by performing a series of wind tunnel tests on section models of bare and iced 
conductors to enable predictions of their response in normal and skewed winds and onset criteria 
for dry and ice galloping. From the static wind tunnel tests, the aerodynamic force coefficients 
(CL, CD) and the Strouhal numbers were measured for the bare conductors with yaw angles of 
0°−45° at Reynolds number ranging from 0.2×105 to 10×105. The results showed that the mean 
lift coefficient of a yawed conductor is zero whereas the mean drag coefficient reduces with 
increasing yaw angle, and a large reduction was observed for mean drag coefficient in the critical 





extracted for yaw angles from 0° to 45°. Ice formation effect on conductor galloping was further 
studied by conducting dynamic tests on a conductor with two artificial crescent-shaped ice (Ice I, 
Ice II) attached to the conductor’s windward side. Only 45° yaw angle was investigated for the 
two iced conductors since it was found to be the most critical for the bare conductors. The galloping 
instability was observed for the conductor with smaller ice thickness (Ice I). Finally, several 
empirical equations were developed on the basis of aerodynamic load models with identified 
parameters to determine the critical reduced velocity for  dry- and ice-galloping of a conductor at 
a given yaw angle of conductor with respect to the wind. Moreover, the buffeting indicial 
derivative functions associated with the buffeting loads in vertical and lateral DOFs were identified 
for yaw angles (β) ranging from 0° to 45°. Since it is necessary to know the minimum damping to 
prevent large-amplitude vibration of a conductor, a practical procedure was introduced to estimate 
the required damping for a power transmission line located at a given geographical site. The 
aerodynamic and aerolelastic load parameters that were identified in this study can be applied to 
numerically simulate the dynamic load, response, and stress of a bare and iced conductor in 
turbulent wind while considering the effects of cable sag, spacer, and connection type. 
5.2 Wind load formulations 
5.2.1 Equations of motion  
Wind loads are classified into two types, static and dynamic, when estimating the response 
of a structure. Since structural and fatigue failures are mainly due to the dynamic loads, predicting 
them accurately is important for designing resilient structures. Dynamic wind loads on any section 
of a structure include forces generated by vortex shedding, buffeting (turbulence-induced), and 
self-excited (motion-induced). Figure 5.1 depicts these three wind loads and the two fluctuating 





horizontal/lateral (𝑝) directions. In this figure, 𝑈 is the mean wind speed, and 𝑢(𝑡) and 𝑤(𝑡) are 
the along-wind and across-wind fluctuating wind components, respectively. Equations of motion 
for a two-degree-of-freedom (2DOF) system in Eqs. (5.1) and (5.2) describe the wind-induced 
motion of a conductor. In this study, only across- and along-wind motions of a conductor are 
considered because it is known that torsional motion is negligible in comparison with other 
directions.  
 
Figure 5.1: Velocity components and dynamic loads over a conductor in vertical and lateral directions.  
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where the subscripts ℎ and 𝑝 indicate the vertical and lateral directions, respectively, 𝑚 is the mass 
per unit length, 𝜔 is the angular natural frequency, and ζ is the mechanical damping ratio. Self-
excited, buffeting, and vortex shedding loads per unit length are defined as 𝐹𝑠𝑒 , 𝐹𝑏, and 𝐹𝑣𝑠, 
respectively. In this study, only self-excited and buffeting responses were considered at wind 
speeds outside the range of wind speeds of vortex-induced vibration (VIV) that can be easily 
identified using the Strouhal number of the conductor as presented later in this study. There are 
different identification methods to extract the wind load parameters of the self-excited and 
buffeting loads such as flutter derivatives and buffeting indicial derivative functions. The 





5.2.2 Aeroelastic loads (self-excited) 
Self-excited force is a motion-induced aeroelastic load on the structure that is a function of 
the mean wind speed and cross-section of the structure. Self-excited loads are described in terms 
of non-dimensional parameters that are called flutter derivatives. These parameters that are 
functions of frequency of vibration have been extensively used in past studies describing 
aerodynamics  of airfoil (Le Maître et al., 2003), flat plate (Bruno and Fransos, 2008; Jensen and 
Höffer, 1998), and long-span bridges (Chen, 2003; Liu et al., 2019; Mishra et al., 2008; Øiseth and 
Sigbjörnsson, 2011; Zhang and Brownjohn, 2005). Self-excited loads (Fse) in frequency domain 
can be expressed in across-wind (h) and along-wind (p) directions as follows: 
𝐹𝑠𝑒



































where 𝜌 is the air density, 𝑈 is the mean wind speed of the upstream flow, 𝐷 is a characteristic 
length that  is taken as the conductor diameter here, 𝐾 is the reduced or normalized frequency 
(K=ωD/U), ω is circular frequency of vibration (=2f), and 𝐻𝑖
∗, 𝑃𝑖
∗, 𝑖 = 1, 4, 5, 6 are known as 
flutter derivatives that are functions of K or reduced velocity (RV=2/K=U/fD) and specific to the 
cross-sectional shape of the dry or iced conductor with the notations consistent with Scanlan’s 
originally proposed form. After substituting Eqs. (5.3) and (5.4) into Eqs. (5.1) and (5.2) and 
transferring all terms to the left-hand side, the modified free-vibration equations can be re-written 
as Eq. (5.5) while the buffeting and vortex shedding loads are ignored for the galloping analysis. 





where 𝑦 = {ℎ 𝑝}𝑇, 𝐶𝑒𝑓𝑓 and 𝐾𝑒𝑓𝑓 are the modified or effective damping matrix and effective 
stiffness matrix, respectively, that include both mechanical and aerodynamic effects and are 
functions of the flutter derivatives. To extract the flutter derivatives, an appropriate system 
identification method like the iterative least squares (ILS) method was applied here to the 
measured displacements (𝑦) of the wind tunnel model in free vibration. A state-space model was 
used in the ILS method as follows: 








where 𝐴 is a 4×4 square matrix for a 2-DOF (h, p) wind tunnel model. After releasing the model 
from its stationary position with initial displacements, the section model’s displacements (h, p) are 
recorded, and then a low-pass “Butterworth” filter is applied to remove the noise. As a result, the 
time histories of velocity (?̇?) and acceleration (?̈?) can be calculated; hence, 𝐴 matrix or 𝐶𝑒𝑓𝑓 and 
𝐾𝑒𝑓𝑓 are determined at a specific wind speed by applying the ILS method and by subtracting their 
values at zero wind speed 𝐶𝑚𝑒𝑐ℎ and 𝐾𝑚𝑒𝑐ℎ, respectively, the flutter derivatives (𝐻𝑖
∗, 𝑃𝑖
∗, 𝑖 =
1, 4, 5, 6) can be determined (Jafari and Sarkar, 2019). This process is repeated at several wind 
speeds to extract the flutter derivatives as a function of a range of reduced velocities or RVs. A 
full description of the ILS method and extraction of the flutter derivatives can be found in 






5.2.3 Buffeting load  
This load is induced by the fluctuating components of wind turbulence. Buffeting loads 
(Fb) in time domain can be written in vertical (ℎ) and lateral (𝑝) directions as follows: 
𝐹𝑏
ℎ(𝑠) = 0.5𝜌𝑈𝐷∫ [ 2𝐶𝐿𝑢(𝜎)𝜙ℎ
′ (𝑠 − 𝜎) + (𝐶𝐷 + 𝐶𝐿
′)𝑤(𝜎)𝜙ℎ





𝑝(𝑠) = 0.5𝜌𝑈𝐷∫ [2𝐶𝐷𝑢(𝜎)𝜙𝑝
′ (𝑠 − 𝜎)−𝐶𝐿𝑤(𝜎)𝜙𝑝





where 𝜌 is the air density, 𝐷 is the conductor diameter, 𝑈 is the mean wind speed of the upstream 
flow, 𝐶𝐷 is the mean drag coefficient, 𝐶𝐿
′  is 
𝑑𝐶𝐿
𝑑𝛼
, α  is wind angle of attack, 𝑢(𝜎) and 𝑤(𝜎) are 
zero-mean turbulence components in along-wind and across-wind directions, respectively; 𝑠 is the 
non-dimensional time defined as 𝑈𝑡/𝐷. The subscripts and superscripts ℎ and 𝑝 indicate the 
vertical and lateral directions, respectively. 𝜙′(𝑠) is the derivative of a buffeting indicial function 
(𝜙(𝑠)) with respect to ‘s’ that is called hereafter the buffeting indicial derivative function (𝜙′(𝑠)). 
These functions are derived from the aerodynamic admittance functions (𝜒2(𝐾)) of the buffeting 











































𝑝(𝐾) are the power spectral density (PSD) of buffeting loads in across- 
and along-wind directions, respectively; 𝑆𝑢𝑢(𝐾) and 𝑆𝑤𝑤(𝐾) are the PSD of fluctuating wind 
components in along- and across-wind directions, respectively. 𝜒ℎ
2(𝐾) and 𝜒𝑝
2(𝐾) are the 





assumed form of the buffeting indicial derivative functions 𝜙′(𝑠) used here is given in Eq. (5.11). 
Here only two exponential terms are used to estimate the 𝜙′(𝑠) because it was shown in a past 
study (Chang et al., 2010) that adding more terms does not necessarily improve the precision of 




where 𝐴1, 𝐴2,  𝐴3, and 𝐴4 are constants. Equation (5.12) relates these constants to the admittance 
function 𝜒2(𝐾) based on the Fourier Transform relationship between 𝜒2(𝐾) and 𝜙′(𝑠). Thus, 
these constants for each of the two 𝜙′(𝑠) were identified using Eq. (5.12) in which the aerodynamic 
admittance functions (𝜒2(𝐾)) were directly extracted using Eqs. (5.9) and (5.10) where the PSDs 
of the buffeting loads and wind turbulence components were directly measured in static wind 






















Equation (5.12) must satisfy the condition of  𝜒2(0)=1 that gives (𝐴1 𝐴2 + 𝐴3 𝐴4) = 1⁄⁄ . 
Time-domain buffeting loads in vertical and lateral directions can be calculated by applying Eqs. 
(5.7)  and (5.8) once the buffeting indicial derivative functions are known.  
5.3 Experimental setup 
The wind-induced loads and response of a power transmission line would depend on both 
yaw angle (𝛽) and inclination angle (𝛼) of the power line because of its sag and mean wind 
direction that could vary along its span. Yaw angle (𝛽) is the angle between the plane normal to 





the inclination angle (𝛼) is the angle of inclination of a section of a sagged conductor with respect 
to the horizontal plane. Past studies (Matsumoto, 2005; Matsumoto et al., 2010) have proven that 
the aerodynamics of an inclined (𝛼 ≠ 0°) and yawed cable is equivalent to a yawed only cable 
without inclination if an equivalent yaw angle (𝛽∗) that is a function of both yaw angle and 
inclination angle is used. Figure 5.2 denotes the definition of equivalent yaw angle (𝛽∗), yaw angle 
(𝛽), and inclination angle (𝛼), and their relationship is shown in Eq. (5.13). Validation of this 
concept has been investigated by other studies (Jafari and Sarkar, 2019; R. Scott Phelan et al., 
2006; Vo et al., 2017a) to find the critical reduced velocity or dynamic response of yawed and 
inclined stay-cables to investigate dry- and rain-wind-induced vibration phenomena. In this study, 
this concept was used to determine the aeroelastic load parameters of a yawed conductor on a 
horizontal plane to find the critical reduced velocity (𝑅𝑉𝑐𝑟) of a sagged conductor with an 
equivalent yaw angle concept.   
  
(a) Inclined and yawed section of a conductor (b) Yawed only section of a conductor 
Figure 5.2: Schematic view of yawed and inclined section of a conductor. 
𝛽∗ = sin−1(sin 𝛽 cos 𝛼) (5.13) 
A rigid model representing a section of an actual conductor was used to perform the wind 
tunnel tests for a yawed only conductor (𝛼 = 0°) for a range of  equivalent yaw angle (𝛽∗) from 





the yaw angle refers to the equivalent yaw angle (𝛽=𝛽*) hereafter. The experimentally derived 
results identified here using a section model can be used to simulate the dynamic wind loads on a 
dry or iced conductor over its entire span considering its sag and boundary conditions at both ends. 
All experiments in this study were performed in the Aerodynamic-Atmospheric Boundary Layer 
(AABL) Wind and Gust Tunnel which has two test sections including the aerodynamic (AERO) 
test section (2.44 m W×1.83 m H) and an atmospheric boundary layer (ABL) test section (2.44 m 
W×2.21 m H). The maximum wind speeds that can be generated in the aerodynamic and ABL test 
sections are 53 m/s and 40 m/s, respectively. The blockage ratio for all experiments was less than 
5%, and the turbulence intensity (𝐼𝑢) was less than 0.2%. 
5.3.1 Static setup  
A setup was specifically designed to conduct static and dynamic tests for a yawed and non-
yawed section models of conductors. In this setup, the section model’s yaw angle can be varied 
from 0º to 45º (see Fig. 5.4), and two models in tandem configuration can be studied. Power 
transmission lines have a grooved surface that includes helical strands; therefore, a 3D printer 
(Connex) was employed to print the section model with a scale of 1:1. This model conductor had 
32 helical strands with a pitch of 0.76 m, and its maximum diameter (𝐷) and length (𝐿) were 56 
mm and 1.52 m, respectively. Despite the large aspect ratio of the conductor (𝐿/𝐷=27), two end 
plates with circular cross section and diameter of 5D were fixed to both ends of the model to avoid 
any edge effects and enable two-dimensional flow. Pressure distribution along the circumferential 
and axial directions of the model was measured by using 91 pressure taps on its surface. The model 
had 16 pressure taps along circumferential direction at each of its four locations in a ring 





(R1T, R2T) had taps located on the top or crest of the strands and two rings (R1B, R2B) had taps 
located at the bottom or trough of the valley between the strands. This distribution was necessary 
to explore the effect of the gap between the helical strands on the pressure distribution. 
Furthermore, pressure taps were distributed along the conductor axis at an equal spacing of 2.5D 
at each of the three azimuthal angles of 0, 90 and 180 degrees, where 0 degree corresponds to the 
windward side of the conductor on the horizontal plane. 
 
Figure 5.3: Instrumentation and static test setup of the yawed conductor.  
 
Two 64-channel Scanivalve pressure-scanning modules (ZOC 33/64 Px) were used for the 
pressure measurement, and a Scanivalve ERAD module was employed to read and assimilate data 
from the two ZOC modules and transmit it to the computer, whereas a ScanTel software was used 
to record the data. The sampling rate and sampling time for all pressure measurements were fixed 
as 250 Hz and 60 s. Moreover, the aerodynamic forces were measured by using two force balances 
(JR3) perpendicularly attached to both ends (see Fig. 5.3) in order to verify the results collected 
with pressure data. For force measurements, the sampling rate and sampling time were fixed as 










(a) Conductor cross section view, Top (T) and Bottom (B) taps 
 
(b) Pressure tap distribution 
Figure 5.4: Conductor geometry and distribution of pressure taps on its surface. 
5.3.2 Dynamic setup 
A separate section model of the conductor was built without pressure taps to perform the 
free-vibration tests because the model needed to be lighter. In this study, experiments were 





other considerations such as neglecting of the aeroelastic coupling with the lateral (along-wind) 
DOF yields more conservative result for critical wind speed for galloping. The dynamic system 
used for this set of tests, which consists of 4 elastic springs attached to each end of the model, was 
assembled on the static setup (Fig. 5.3) to enable changing of the yaw angle. This dynamic system 
had two air bearings, one at each end of the horizontal model that was suspended with four springs 
with two on the top and two on the bottom of the air bearing which allowed them to move freely 
over a polished rod as shown in Fig. 5.5. Two load cells were placed diagonally on  opposite sides 
of the model, one at  the top left and one at the bottom right, which helped to cancel out any 
spurious vibration modes of the model about the wind  axis in the vertical plane (Jafari and Sarkar, 
2019). The vertical displacement (h) of the section model was calculated by converting the 
averaged load from the two load cells to displacement using the spring stiffness (see Fig. 5.5). For 
recording the dynamic loads data, LabVIEW (National Instrument) software was used with 
sampling frequency and sampling time of 1000 Hz and 60 s, respectively. The reported results 
presented here are based on the average value of identified parameters using three data sets. Table 
5.1 summarizes the model dimensions and the properties of the dynamic setup.    
   
(a) Vibration system (b) Dynamic setup 














Table 5.1 General properties of dynamic setup and section 
model. 
Parameter Value (1DOF-vertical) 
Diameter (𝐷) 55.9 mm 
Length (𝐿) 1.52 m 
Total Spring Stiffness (𝐾ℎ)  840.6 (N/m) 
Total Dynamic Mass (𝑀ℎ) 4.48 kg 
𝑚𝑒ℎ(𝑀ℎ/L) 2.95 kg/m 
Natural frequency (𝑓ℎ) 2.18 Hz 
Damping ratio (𝜁ℎ) 0.0057 
Scruton number (𝑆𝑐ℎ= 
𝑚𝑒ℎ𝜁ℎ
𝜌𝐷2
 )  4.39 
 
5.3.3 Buffeting load setup 
The setup for the measurement of the buffeting load parameters has been used in many past 
studies (Chang et al., 2010; Hou and Sarkar, 2018; Jafari and Sarkar, 2019).  The setup involves a 
gust generator that produces zero-mean sinusoidal gusts with a desirable frequency and amplitude 
fixed upstream of the static section model. As shown in Fig. 5.6, the gust generator consists of two 
parallel plates with a small gap in between that is driven by a steel rod connected to a variable-
frequency motor shaft to enable the system to provide a sinusoidal oscillation at the desired 
frequency and amplitude. The wind upstream of the gust generator was uniform and smooth.  The 
gust simulated by the gust generator upstream of the static conductor model was measured by a 
Cobra probe which was placed at 20 cm downstream of the gust generator (see Fig. 5.6b). A new 
section model that is smaller in length with diameter (𝐷𝑏) of 145 mm and length (𝐿𝑏) of 0.61 m 
was made by a 3D printer (see Fig. 5.6) in accordance with the length and gap of the gust generator 
plates. Additionally, end plates with circular cross section of diameter 4𝐷𝑏 were fixed to each side 
of the conductor model to produce a two-dimensional flow around its section. The conductor’s 
aspect ratio (𝐿𝑏/𝐷𝑏 = 4.8) was ensured to be larger than the determined correlation length (𝐿/ 𝐷  





measurement, two force balances (JR3) were attached with one at each end of the section model 
for recording the data where the sampling frequency and sampling time of 500 Hz and 60 s were 
used for these tests. As explained previously (Sec. 5.3.2), the PSDs of aerodynamic loads and 
fluctuating wind components are required to extract the buffeting indicial derivative functions after 
identifying the aerodynamic admittance functions (Eqs. (5.9) and (5.10)). Mean wind speed (U) 




) where values of the aerodynamic admittance functions were determined at 
each K one at a time. This test procedure was repeated  for several yaw angles (𝛽) ranging from 
0° to 45° (0°, 15°, 30°, 45°).  
  
(a) Front view (b) Side view 
Figure 5.6: Illustration of the gust generator system for buffeting test setup. 
 
5.4 Results and discussion 
5.4.1 Static measurements 
The Strouhal number (𝑆𝑡(𝛽) =
𝑓𝑠𝐷
𝑈
) of the bare conductors was estimated from the power 
spectral density (PSD) of the lift coefficient estimated from the surface pressures measured on the 













yaw angle (𝛽 = 0°) versus the reduced frequency (𝑘 = 𝑓𝐷 𝑈 = 𝐾/2⁄ ) for the Reynolds numbers 
ranging from 3.7×104 to 7.7×104. This figure indicates that the power spectral density has its 
highest value at the frequency associated with the Strouhal number. The Strouhal number of a 
yawed conductor is plotted as a function of Reynolds number ranging from 2.0×104 to 10.8×104 
for different yaw angles as shown in Fig. 5.8. The results show that the Strouhal number increases 
with the Reynolds number during the transition from subcritical to critical regime, which is  
consistent with past results from the literature (Lienhard, 1966) on Strouhal number of cylinders 
with smooth or rough surfaces. The knowledge of Strouhal number will help to determine the 
“lock-in” wind speeds associated with vortex-induced vibration (VIV) that would rule out its 
possibility at the wind speeds considered for the buffeting analysis here. 
 
Figure 5.7: PSD of lift coefficient of a dry conductor for different Reynolds numbers at 𝛽 = 0°. 
 
Figure 5.8: Strouhal number of a dry conductor for different yaw angles and Reynolds numbers. 
𝛽 = 0° 
𝛽 = 15° 
 
𝛽 = 30° 






The next parameter that was extracted from the pressure data is the mean drag coefficient 
at yaw angles (𝛽) of 0º, 15º, 30º, and 45º over a range of Reynolds number. The obtained results 
are depicted in Fig. 5.9 that reveal a reduction in mean drag coefficient for a specific range of 
Reynolds numbers.  
 
Figure 5.9: Drag coefficient of a dry conductor for different yaw angles and Reynolds numbers. 
  
(a) β=0º (b) β=15º 
  
(c) β=30º (d) β=45º 
Figure 5.10: Mean pressure coefficient of a dry conductor at different yaw angles and Reynold 
numbers. 
𝛽 = 0° 
 
𝛽 = 15° 
 
𝛽 = 30° 






The distribution of mean pressure coefficient (𝐶𝑃(𝛽) =
𝑃−𝑃𝑠𝑡
0.5𝜌𝑈2
)) of a dry conductor is 
plotted at different yaw angles in Fig. 5.10 for Reynolds numbers ranging from 3.7×104 to 7.7×104. 
Since the obtained results show that the mean pressure distribution located on the crest or top 
surface and trough or bottom surface of the conductor are similar, the average values of the 
pressures from the two pressure tap rings associated with the top and bottom surfaces are reported 
in Fig. 5.10. Although the pressure distribution around the conductor is almost symmetric, slight 
difference is observed between the top and bottom surfaces that can be due to the helical strands 
and/or the resolution of the pressure taps. 
5.4.2 Dynamic loads 
The procedure of measuring the aeroelastic forces was explained in Sections 5.3.2 and 
5.3.2. To measure the aeroelastic load parameters of a conductor in dry and iced conditions, a 
series of wind tunnel experiments were performed by using a 1-DOF (vertical or across-wind) free 
vibration system. The flutter derivatives (𝐻1
∗, 𝐻4
∗) of a dry conductor associated with  the vertical 
direction (h) as in the self-excited force formulation (Eq. (5.3)) were extracted for yaw angles of 
15º, 20º, 25º, 30º, 35º, 40º, and 45º. In order to verify the accuracy of the identified flutter 
derivatives, the experimentally-measured dynamic response of the non-yawed conductor (𝛽 =
0° ) at a wind speed 𝑈 = 5.9 m/s is compared with the simulated response based on the identified 
flutter derivative corresponding to 𝛽 = 0° (see Fig. 5.12), which shows a good match. The results 
of 𝐻1
∗ and 𝐻4
∗ for dry conductors with different yaw angles are plotted as functions of reduced 
velocities (𝑅𝑉 = 𝑈/𝑓𝐷) in Fig. 5.13. These could be extracted up to a certain reduced velocity 
only because the section model started showing signs of divergent motion beyond this reduced 
velocity. For a given yaw angle greater than zero, the results show that 𝐻1





negative) beyond a certain reduced velocity. Therefore, the positive aerodynamic damping, which 
is proportional to −𝐻1
∗, reduces and can potentially become negative beyond a certain reduced 
velocity leading to galloping. It was found that the yaw angle of 45º has the lowest critical reduced 
velocity amongst all the cases of yaw angles studied.  
 
 
(a) Conductor with crescent-shaped artificial ice (b) Geometry of Ice I and Ice II 
Figure 5.11: Schematic view of a conductor covered by two ice shapes (Ice I and Ice II). 
 
Figure 5.12: Comparison of experimental and simulated vertical displacement response at 𝛽 = 0° and 
𝑈 = 5.9 m/s. 
Experiments to extract the flutter derivatives were repeated on section models of iced 
conductors to study the effect of ice formation on the aeroelastic load parameters of a power 
transmission line with artificial ice referred here as “Ice I” and “Ice 2” attached to the bare 
conductor’s windward side in order to simulate the ice accretion on the surface. The shape and 





and Turan, 2010) that explored the most critical geometry of ice and its location on the conductor 
for iced galloping. Two crescent-shaped cutouts of finite length and thickness (T) were made 
out of foam to represent the artificial ice, “Ice I” with T/D=0.1 and “Ice 2” with T/D=0.2 (Fig. 
5.11). The experiments for the two cases “Ice I and Ice II” were performed at a yaw angle of 45º 
which was found to be the most critical yaw angle for dry galloping and the corresponding flutter 
derivatives (𝐻1
∗, 𝐻4
∗) for the iced conductor were identified and plotted in Fig. 5.13. As seen in 
Figs. 5.13a, the Ice I Case is the most critical case amongst all test cases including dry and iced 
ones, because galloping instability in the iced conductor with Ice I configuration would occur at 
the lowest reduced velocity. 
  
(a) 𝐻1
∗, aerodynamic term (b) 𝐻4
∗, stiffness term 
Figure 5.13: Flutter derivatives of yawed conductor with and without ice in vertical direction.    
Knowledge of aerodynamic damping of a full-scale power transmission line is required to 
determine the onset of dry or iced galloping that is critical for its design safety. It can be calculated 
using 𝐻1












ℎ  is the vertical aerodynamic damping ratio of the conductor, 𝜌 is the air density, 𝐷 is 
the conductor diameter, 𝑚ℎis the mass per unit length. Since the mass per unit length (𝑚ℎ) of full-
scale power transmission line usually varies between 1 to 3.5 kg/m, and its diameter (𝐷) varies 
from 26 to 51 mm, the average values of these parameters, 2.25 kg/m and 38 mm, were used to 
calculate the aerodynamic damping ratio. The aerodynamic damping ratios for the conductors, as 
calculated with the average values of 𝑚ℎ and D and 𝐻1
∗ shown in Fig. 5.13, are plotted in Fig. 5.14. 
This plot shows that amongst all cases, the iced conductor corresponding to the "Ice I" case and 
the bare conductor at yaw angle of 45º have the lowest aerodynamic damping ratios.  
 
Figure 5.14: Aerodynamic damping ratio of a conductor in dry and ice conditions at 𝑚ℎ=2.25 kg/m 
and 𝐷=38 mm. 






= 4𝑆𝑐ℎ, and it occurs when the aerodynamic damping negates the mechanical damping 
resulting in a total loss of damping. For all yaw angles, a relation between 𝐻1
∗and reduced velocity 
(𝐻1
∗ = 𝐹𝑛(𝑅𝑉)) that is shown in Fig. 5.13a was determined by fitting a curve, and the equation of 
𝐻1





which covers most of the conductors, to extract the critical reduced velocity (RVcr). Afterwards, 
the identified critical reduced velocities were curve fitted  in the form of Eq. (5.15) to find the 
critical reduced velocity as a function of Scruton number (𝑅𝑉𝑐𝑟 = 𝐹𝑛(𝑆𝑐ℎ)) where the constants 
𝑎, 𝑏, and 𝑐 are listed in Table 5.2.   
𝑅𝑉𝑐𝑟 = 𝑎 × 𝑆𝑐ℎ
𝑏 + 𝑐    15º ≤ 𝛽= 𝛽* ≤45º 
 
(5.15) 
Table 5.2 Identified constants in Eq. (5.15) to estimate the critical reduced 
velocity. 
 °   𝒃 𝒄 
45°-Ice II 5.03     0.79    95.83 
45°-Ice I 15.78     0.59    54.43 
45° 9.32     0.66    79.73 
40° 9.75     0.65   98.25 
35° 7.23     0.99   133.3 
30° 4.69     0.97   122.9 
25° 8.20     0.67   110.9 
20° 7.71     0.69   113.3 
15° 5.37     0.82   117.9 




) associated with 1-DOF (h). Dry or ice galloping for a conductor with a specific 
Scruton number occurs when the reduced velocity is higher than the critical reduced velocity. This 
method that helps to explore the stable or safe and unstable or galloping regions as well as critical 
reduced velocity has been used and validated in the past study (Jafari and Sarkar, 2019) for dry 
galloping of smooth cables. These graphs help to find the critical wind speed for galloping of a 





damping ratio (𝜁𝑚𝑒𝑐ℎ), and mass per unit length (𝑚ℎ) of the yawed conductor where the equivalent 
yaw angle depends on wind direction with respect to the conductor.      
  
Figure 5.15: Critical reduced velocity for dry- and ice-conductor galloping at a given Scruton number 
(𝑆𝑐ℎ) and yaw angle ().  
5.4.3 Buffeting loads 
It is necessary to extract the buffeting indicial derivative functions for a conductor to 
accurately predict the buffeting loads on a conductor in turbulent wind and estimate its responses 
in across- and along-wind directions. The procedure for extracting the constants 𝐴1 to 𝐴4 appearing 
in the assumed form of these functions was explained in Sections 5.2.3 and 5.3.3. The two 
aerodynamic admittance functions (𝜒ℎ
2, 𝜒𝑝
2) of the conductor corresponding to across- and along-
wind direction were first identified using Eqs. (5.9) and (5.10) for the conductor at yaw angles of 
0º, 15º, 30º, and 45º. Afterwards, the buffeting indicial derivative functions (𝜙ℎ
′ , 𝜙𝑝
′ ) were 
identified for both directions as shown in Fig. 5.16 which plots  the aerodynamic admittance 
function versus the reduced frequency (𝐾 = 𝜔𝐷/𝑈), where 𝐷 is equal to buffeting test model 






𝛽 = 0° 𝛽 = 0° 
  
𝛽 = 15° 𝛽 = 15° 
  
𝛽 = 30° 𝛽 = 30° 
  
𝛽 = 45° 𝛽 = 45° 
Figure 5.16: Identified aerodynamic admittance and buffeting indicial derivative functions of a 
conductor in vertical and lateral directions. 
 
To have a generalized model the aerodynamic admittance functions, a formula in the 
simplified form of 1 (1 + 𝐶𝐾⁄ ), where 𝐶 is a constant coefficient and 𝐾 is the reduced frequency 





coefficient 𝐶  and yaw angle (𝛽) is shown for across- and along-wind directions in Fig. 5.16. The 
proposed Eqs. (5.16) and (5.17) can be used to predict the coefficient 𝐶 to calculate the 
aerodynamic admittance functions for conductors at a given yaw angle. It is observed that the 
aerodynamic admittance function in across-wind direction (𝜒ℎ
2) increases with yaw angle whereas 
the same in along-wind direction (𝜒𝑝
2) has an opposite trend with yaw angle. 
  
(a) Across-wind (b) Along-wind 
Figure 5.17: Dependency of constant coefficient 𝐶 and yaw angle for the generalized form of 
𝜒2(𝐾) = 1 (1 + 𝐶𝐾⁄ ). 
 
𝜒ℎ
2(𝐾, 𝛽°) =  
1
1+𝐶ℎ𝐾
    ,        𝐶ℎ= -13.67×  𝛽° + 1280.4 0° ≤ 𝛽 ≤ 45° (5.16) 
𝜒𝑝
2(𝐾, 𝛽°) = 
1
1+𝐶𝑝𝐾
     ,       𝐶𝑝= 0.077 × 𝛽° + 3.41 0° ≤ 𝛽 ≤ 45° (5.17) 
5.5 Determination of minimum required damping 
It is very crucial to know the minimum required damping to arrest the large-amplitude 
vibration of a conductor. In this section, a procedure based on the experimental data presented in 
Section 5.4.2 is introduced to calculate the external damping ratio that is needed to design a stable 
electric transmission line. As shown in Fig. 5.18, the yaw and inclination angles arise due to the 
wind direction with respect to the conductor axis, and the wind speed profile varies with height 





Step 1: Using the mean wind direction for the extreme wind that occurs at a given site of 
the power transmission line based on historic wind record and alignment of the power transmission 
line, the yaw angle (𝛽) can be determined. The inclination angle (𝛼) of the power line varies along 
the span. Therefore, the range of equivalent yaw angle can be calculated by Eq. (5.13) using the 
highest inclination angle at the support and zero inclination angle at the mid-span for a given power 
line. Using Fig.5.15, the equivalent yaw angle or 𝛽∗ (referred as 𝛽 in this plot) that gives the lowest 
reduced wind velocity (worst case scenario) from this range of equivalent yaw angles is determined 
for the bare and/or iced conductors given the location of the site in tropical or cold region. The 
wind speed profile varies with height (𝑧) at a given terrain and can be estimated by the Power Law, 










where 𝑧 is the elevation from the ground, 𝛼 is the Power-law exponent depending on the terrain, 
𝑈𝑀𝐻(𝑧) is the mean hourly wind speed at specific height 𝑧, 𝑈𝑑𝑒𝑠𝑖𝑔𝑛
𝑀𝐻 (10) is the mean hourly wind 
speed at 10-m height in the desired terrain that is reported for different terrain types in ASCE 7-
16 based on the 3-sec design wind speed, 𝑈𝑑𝑒𝑠𝑖𝑔𝑛
3−𝑠𝑒𝑐 (10). Readers are referred to the literature  (Jafari 
and Sarkar, 2019; Simiu and Scanlan, 1986) for more details about the wind speed conversion, e.g. 
3-sec gust to mean hourly wind speed, due to variation in terrain type. The average mean hourly 
design wind speed can be calculated by Eq. (5.19) because of variation of wind speed with height 


















where 𝐻 is the difference between the maximum and minimum height of a power transmission line 
(𝐻 = 𝑍𝑚𝑎𝑥 − 𝑍𝑚𝑖𝑛) as shown in Fig. 5.8. 
Step 2: Equation (5.15) and constants listed in Table 5.2 that are based on this study for 
calculating the critical reduced wind velocity for galloping as a function of Scruton number 
(𝑅𝑉𝑐𝑟 = 𝐹𝑛(𝑆𝑐ℎ)) for each yaw angle (𝛽), are used to estimate the minimum required damping 
for preventing the dry- or ice-conductor galloping. Due to the equality principal of non-
dimensional numbers, the design and critical reduced wind velocities can be equated, 𝑅𝑉𝑑𝑒𝑠𝑖𝑔𝑛 =
?̅?𝑑𝑒𝑠𝑖𝑔𝑛 𝑓𝐷⁄ = 𝑅𝑉𝑐𝑟 = 𝐹𝑛(𝑆𝑐ℎ
𝑑𝑒𝑠𝑖𝑔𝑛
), which relates the design reduced wind velocity (𝑅𝑉𝑑𝑒𝑠𝑖𝑔𝑛) 
to the design Scruton number (𝑆𝑐ℎ
𝑑𝑒𝑠𝑖𝑔𝑛
). Knowing the design wind velocity (?̅?𝑑𝑒𝑠𝑖𝑔𝑛), diameter 
(𝐷) and fundamental frequency (𝑓) of a conductor, the minimum damping ratio associated with 
the design Scruton number can be estimated for preventing dry or ice galloping of a conductor 
vibrating in its fundamental mode up to its design wind speed. Figure 5.19 shows the log scale of 






)), where 𝑚𝑒 is the mass per unit length of a 
conductor, 𝜁𝑚 is the minimum required damping, 𝜌 is the air density, and 𝐷 is the conductor 
diameter. This figure is displayed for a range of average design wind speeds (mean hourly) at 
different 𝑓𝐷s (m/s) ranging from 0.200 to 0.550 covering most of the power transmission lines. 
According to the plots in Fig. 5.19, the minimum damping ratio for preventing dry or ice galloping 
can be estimated by knowing the average design wind speed (?̅?𝑑𝑒𝑠𝑖𝑔𝑛), conductor’s fundamental 






Figure 5.18: Velocity profile and wind loads acting on power transmission lines.  
 
The additional damping that is required to suppress the dry- or ice- conductor galloping 
can be obtained by subtracting the inherent mechanical damping in the conductor associated with 
its fundamental dynamic mode of vibration (usually assumed) from the total damping required 
based on Fig. 5.19. The additional damping in the conductor can be obtained by attaching an 






𝛽∗ = 15° 𝛽∗ = 20° 
  
𝛽∗ = 25° 𝛽∗ = 30° 
  
𝛽∗ = 35° 𝛽∗ = 40° 
  
𝛽 = 45° 𝛽 = 45°, Ice I 
 
𝛽∗ = 45°, Ice II 
Figure 5.19: Design Scruton number vs. average mean hourly design wind speed for a conductor 






Power transmission lines are prone to large-amplitude vibration due to wind-induced loads 
because these cables have low mechanical damping. Consequently, these vibrating conductors  can 
get damaged resulting from flashover, wire burning, tripping, structural or fatigue failure or cause 
transmission-line tower collapse, accidents, and interphase short circuit, . Therefore, it is crucial 
to explore the primary sources of their galloping-type vibration in dry and iced conditions. This 
study focuses on the identification of wind-induced load parameters of yawed and/or inclined 
conductors exposed to static, self-excited, and buffeting forces and then provides the design 
procedure and empirical equations to predict the galloping instability of conductors in dry and iced 
conditions. In this regard, a series of wind tunnel experiments were performed to measure the 
aerodynamic forces (𝐶𝐷, 𝐶𝐿) and Strouhal number (𝑆𝑡) of yawed and non-yawed conductors using 
the surface pressure measurement. The results demonstrated that the mean drag coefficient and the 
Strouhal number reduces with increasing yaw angle at a given Reynolds number, while the mean 
lift coefficient was found to be zero for all cases. Furthermore, a reduction in the mean drag 
coefficient and a jump in the Strouhal number were observed at the Reynolds numbers from 2×104 
to 6×104, which are consistent with past studies on rough cylinders. The dynamic response of a 
section model representing a section of a full-scale conductor was recorded in a one-degree-of-
freedom system by employing a free vibration setup, and the flutter derivatives (𝐻1
∗, 𝐻4
∗) were 
identified at yaw angles ranging from 0º to 45º. The results showed that a bare conductor has the 
lowest critical reduced velocity at a yaw angle of 45º. Therefore, two artificial crescent-shaped 
artificial ice made of foam with two different thicknesses (Ice I & Ice II) were used to capture the 
ice-conductor galloping at yaw angle of 45º, and the case “Ice I” with smaller thickness amongst 





conductors tested. Empirical equations to determine the aerodynamic and aeroslastic load 
parameters as well as critical velocity for dry and ice galloping were derived from the 
measurements. A procedure was introduced to estimate the least required damping ratio to 
suppress the large-amplitude vibration for velocities up to the design wind speed. The identified 
wind load parameters presented here can be used to numerically simulate the dynamic load, 
response, and stress acting on a conductor for dry and ice power transmission lines in atmospheric 
boundary layer conditions at a special site. 
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Abstract 
Inclined cables used in bridges or other infrastructures are vulnerable to unsteady wind-
induced loads in atmospheric boundary layer producing moderate- to large-amplitude vibration 
that may result in damage or failure of the cables resulting in catastrophic failure of the structure 
they secure. In the present study, wind-induced response of an inclined smooth cable was studied 
through wind tunnel measurement using a flexible cable model for better understanding of the 
vibration characteristics of structural cables in atmospheric boundary layer wind. For this purpose, 
in-plane and out-of-plane responses of a sagged and non-sagged flexible cable was recorded by 
four accelerometers. Four cases with different yaw and inclination angles and approximate sag 
ratios of 1/10 were studied to investigate the wind direction effect on excitation mode(s) and 
response amplitude. Cable tension was also measured during all experiments to assess the 
correlation of wind speed, excited mode, and natural frequency of cable due to cable force changes. 
Additionally, two non-sagged cables were tested to determine the influence of sag ratio on 
vibration characteristics of an inclined flexible cable. In the second part of this study, a series of 
finite element analyses were conducted to predict the wind-induced aerodynamic damping of an 
inclined cable. Experimental results showed that excitation mode(s) mainly depend on wind speed, 
inclination angle, and sag ratio or cable tension. First, second, and third vibration modes were 
observed at low wind speed for different cases, and higher modes contributed to the response at 





speed resulting in increased value of the excited natural frequency. Numerical results showed that 
the proposed criteria that are based on section model can underestimate the critical reduced 
velocity in which dry galloping occurs.  
KEYWORDS: Aeroelastic cable; Dry galloping; Wind-induced vibration, Inclined cable, 
Aerodynamic Damping, Finite element analysis 
6.1 Introduction 
Wind can induce moderate- to large-amplitude low frequency oscillations in structural 
cables that are used to support long-span structures such as bridges and roofs. These vibrations can 
cause failure in cables that could trigger collapse of the structure they support. The aerodynamic 
instabilities or divergent response of cables are triggered by wind-induced effects that are 
conventionally classified into vortex-induced vibration (VIV) (Liu et al., 2019; Martins and Avila, 
2019; Xu et al., 2018), rain-wind induced vibration (RWIV) (Ge et al., 2018; Jing et al., 2017; Li 
et al., 2010; Wang et al., 2016), dry, ice and wake galloping (Demartino and Ricciardelli, 2018; 
He et al., 2018; Tokoro et al., 2000; Zhang et al., 2017). These phenomena have been widely 
investigated through wind tunnel tests and computational fluid dynamics (CFD) to determine the 
mechanisms and parameters that influence them. Over the past decades, wind-induced vibration 
of inclined cables has been mostly studied by performing wind tunnel test on section models. These 
studies often fell short of explaining the observed and measured behavior of a stay-cable in the 
field. The roles of sag, inclination angle, and tension in the cable and those of the upstream wind 
such as turbulence and variable mean-wind speed with height in ABL wind have not been fully 
explored. In this study, the wind-induced response of an inclined aeroelastic-model of a dry cable, 





effects of different cable parameters such as sag ratio, tension, yaw angle and inclination angle, 
and their combination on the wind-induced response of a scaled aeroelastic model of the cable 
were investigated through wind tunnel measurements. In this regard, a new design was used to 
build the flexible aeroelastic model of the cable in order to better reproduce the response of a full-
scale cable.  
Over the past decades, dry galloping of smooth cables has been studied either by 
performing wind tunnel test or numerical simulation to assess the impact of important parameters 
such as Scruton number (Sc), reduced velocity (RV), and yaw/inclination angles. Matsumoto et al. 
(2010) explained the mechanism of dry galloping in cables through wind tunnel data and using 
splitter plates with different perforation (or porosity) ratios located behind a yawed cable (non-
inclined). Experimental data showed a steady divergent response or divergent galloping for lower 
perforation or higher-solidity ratios of the splitter plates. Jafari and Sarkar (2019) identified the 
flutter derivatives and buffeting indicial derivative functions of a smooth cable for yaw angles 
ranging from 0o to 45o using section models subject to free vibration and gust, generated by a gust 
generator system, in a wind tunnel. They proposed several empirical equations to calculate the 
wind load parameters of a yawed cable and concluded that an inclined cable with an equivalent 
yaw angle of 45o is the most critical for onset of dry galloping amongst all yaw angles, where the 
equivalent yaw of a cable corresponds to the yaw angle of a cable on a horizontal plane equivalent 
to yaw of an inclined cable on a vertical plane, as defined later.  Cheng et al. (2008b) showed the 
influences of Reynolds number, wind speed, and surface roughness on the response of an inclined 
cable by measuring the aerodynamic forces in a wind tunnel. The results demonstrated a divergent 
galloping at a Scruton number of 0.88 and wind speed of 32 m/s. Nikitas and Macdonald (2018) 





inclination angle is a significant parameter. Duy et al. (2014) carried out wind tunnel experiment 
to study the applicability of spiral wires on suppression of dry-cable galloping and observed 
divergent galloping for yaw angles (β) from 30o to 60o. Yeo and Jones (2009) conducted 
numerical simulation using the detached eddy simulation (DES) turbulence model to explore the 
effect of yaw angles ranging from 0o to 60o. They found that Karman vortices’ strength reduces 
with increasing yaw angle. Wu et al. (2017) used a high-fidelity computational fluid dynamics 
(CFD) technique to capture dry galloping of yawed cable and validated CFD results with 
experimental data. Raeesi et al. (2016) developed a three-dimensional aeroelastic model to 
calculate the dynamic response of inclined stay-bridge cables subject to unsteady wind loads. They 
solved the non-linear equations of motion using finite difference method, and numerical results 
confirmed the significant effect of critical Reynolds number on dry galloping of yawed/inclined 
cables. 
Wind-induced vibration of flexible cables has been rarely studied in the past due to existing 
difficulties in building these models to accurately reproduce the response behavior of full-scale 
cables and because of limited size of boundary-layer wind tunnel test sections. Literature review 
shows that only few experimental studies exist on wake-induced, vortex-induced, and rain-wind-
induced vibrations of cables using flexible cables. Chen et al. (2015) conducted research to 
investigate the effect of VIV on wind-induced response of a flexible cable with yaw angle of 0º 
and inclination angle of 25.3º using wind tunnel tests. They measured the cable’s acceleration at 
several locations in cross-flow and in-line directions and observed eight-shape, elliptical, and 
straight motion trajectories for cable vibration depending on mode shapes. Moreover, they reported 
the Strouhal number for inclined cable at different heights. Gao et al. (2019) captured the multi-





wind tunnel experiments. Axial force was applied to the cable in order to adjust the natural 
frequency and minimize the sag ratio. They presented the wind response of an inclined cable by 
measuring the cable’s acceleration in out-of-plane and in-plane directions. First, second, and third 
vibration modes with dominant peaks were observed at different wind speeds for VIV and RWIV. 
Additionally, they showed that the motion trajectory of a flexible cable is similar to an ellipse for 
VIV. Belloli et al. (2011) performed wind tunnel tests to measure the vibration of Talavera Bridge 
in atmospheric boundary layer wind using distributed lumped masses along the original wire to 
reproduce the flexible cable. They studied the impact of wind direction on aerodynamics of a full 
bridge and found that the force and moment coefficients on cable’s anchorage were maximum 
when wind perpendicularly approaches the bridge deck. In another study, Khrapunov and Solovev 
(2018) presented wind tunnel results of a full bridge while reproducing the actual cables with steel 
wire and distributed lumped masses. They proposed a two-step modeling approach to study the 
aeroelastic instability of full bridges exposed to wind-induced loads. He et al. (2018) investigated 
the effect of elastic cross ties on suppression of wake-induced vibration of staggered cables 
through wind tunnel experiment on flexible tandem cables. To build the aeroelastic cables, they 
used steel wires with applied axial force and covered the model by Mass block/Filler and 
Polyethylene (PE) coating. They measured the acceleration at different locations for a range of 
reduced velocities and revealed the effectiveness of cross ties on alleviation of wake galloping. 
While wind-induced fatigue can cause catastrophic damages to the cable-stayed or suspension 
bridges, Cluni et al. (2007) studied the fatigue of suspended cables using wind tunnel tests on a 
aeroelastic cable with different sag ratios. They also developed a numerical method to use the 





This paper focuses on (a) understanding the wind-induced response of an inclined flexible 
cable in atmospheric-boundary-layer wind. In this regard, a series of wind tunnel tests were 
performed to study the effects of different parameters such as sag ratio, wind direction, and wind 
speed on vibration of a scaled aeroelastic model of a cable. For this purpose, six different cases 
were tested in a wind tunnel where acceleration response of the cable in two directions was 
measured at two locations along its length. Cable tension was also monitored to study its effect on 
cable’s stiffness or natural frequency as it changed with wind speed. Apart from wind tunnel tests, 
a finite element analysis was carried out to estimate the aerodynamic damping of an inclined full-
scale cable. Experiments indicated that excitation mode(s) are dependent on wind speed, 
inclination angle, and sag ratio. For all cases, first three vibration modes were observed at low 
wind speeds, while higher vibration modes occurred at high wind speeds. In addition, it was found 
that the cable tension notably increased with wind speed resulting in increased natural frequency 
of the cable. By conducting a numerical analysis, it was shown that the proposed criteria that are 
based on section models are more conservative to estimate the critical reduced velocity for onset 
condition of dry galloping instability.  
6.2 Experimental setup 
In this study, wind tunnel experiments were performed in the atmospheric boundary layer 
(ABL) test section of the AABL Wind and Gust Tunnel (15 m L x 2.44 m W×1.83 m H) located 
at Iowa State University. As shown in Fig. 6.1a, three spires and several wooden blocks with 
various roughness heights were placed in front of the test section to reproduce the mean wind speed 
and turbulence intensity profiles of an open terrain. An inclined aeroelastic model of a cable was 
mounted on an angled  frame with a taut wire running through its center whose tension could be 





yaw angles could be adjusted in this test setup by changing the elevation of the upper-end of the 
cable’s connection to the frame and by rotating the turntable on which the frame was fixed. In 
order to measure the wire’s tension, a force balance (JR3) was attached to one end of the wire as 
shown in Fig. 6.1b. In all experiments, force and acceleration data were recorded for 150s, and 
their mean or root-mean-square (RMS) values were calculated and presented here.     
  
(a) spires and roughness blocks for terrain (b) aeroelastic cable model and force balance 
Figure 6.1: ABL wind tunnel test setup and aeroelastic model.  
A novel technique was employed to design and build the aeroelastic cable model in this 
study in an attempt to capture the realistic behavior of a flexible cable in the field. As shown in 
Fig. 6.2, the cable model includes 60 separate segments of solid circular sections made out of blue 
foam using a computer numerical control (CNC) machine. The length and diameter of each 
segment were 3 cm (1.2 in) and 6.35 cm (2.5 in), respectively, and the total length and mass of the 
cable model were 2.1 m (6.9 ft) and 0.250 kg  (0.55 lb), respectively. A musical wire with a 
diameter of 0.508 mm was used to assemble all these segments. A metal tube with 5 mm length 
was used as a spacer to keep enough gap between the segments to allow bending of the cable (see 
Fig. 6.2). Although this gap was necessary for cable’s flexibility, it was recognized that the 
incoming flow that would pass through this gap can undesirably distort the aerodynamics of the 





cable. Therefore, a Monokote sheet that was used to wrap the individual segments to furnish a 
smooth cable surface was also used to cover the existing gap between the segments by extending 
it by 4 mm beyond the length of each segment on one side. It should be noted that two additional 
wires with a minimal amount of tension were placed on opposite sides of the center of the cable 
segments along the cable length to provide some torsional stiffness to the model in order to avoid 





Figure 6.2: Dimensions and details of designing aeroelastic model’s segments. 
A schematic view of the inclined aeroelastic or flexible cable model (length scale 1:50) as 
used in this study is shown in Fig. 6.3. Four uniaxial accelerometers were attached to the model in 
order to measure the accelerations at two locations, one pair located at mid-point (Point 1) and 
another pair at quarter-point (Point 2) along the length of the inclined cable as described in Fig. 
6.3. Two accelerometers at each of the two points were attached, one on the top of cable to measure 
in-plane accelerations, and the other one on the downwind side of the cable with a 90° orientation 
compared with the top one. In this study, the normalization of the measured 
acccelerations/displacements was done based on measured quantities at Point 1.  
For wind tunnel experiments, six different cases were considered to study the effects of 
yaw (𝛽), inclination (𝛼), equivalent yaw (𝛽∗) angles, and sag ratio (SR) of the cable on wind-





1. The details of these cases are summarized in Table 6.1, where four test cases were with cable 
sag and two were without cable sag. The equivalent yaw angle relates yaw and inclination angles 
of an inclined cable as defined in Eq. (6.1). Although it was found in past studies (Jafari and Sarkar, 
2019; Matsumoto, 2005) that equivalent yaw angle of 45º is the most critical for dry-cable 
galloping, the influence of another equivalent yaw angle of 35º was also assessed here through 
Cases 1 and 3a. Sag ratio (𝑆𝑅 = 𝑆/𝐿𝑤) that is defined as the ratio of maximum cable deflection 
(𝑆) to the total span (𝐿𝑤) of the cable wire was varied between 8 and 11% that are close to sag 
ratios of full-scale cables. Additionally, Cases 3b and 4b were tested with a predefined tension and 
no sag for comparison of wind response between sagged and non-sagged cables. 
 
Figure 6.3: Schematic view of an inclined model to define the studied parameters. 
𝛽∗ = sin−1(sin 𝛽 cos 𝛼) (6.1) 
where 𝛽∗ is the equivalent yaw angle of a horntail cable, and 𝛼 and 𝛽 are inclination and yaw 
angles of an inclined cable on a vertical plane, respectively, 𝛽 being the angle between the wind 





Table 6.1 Details of experimental setup and aeroelastic 
cable tested.  
  °  °  ∗° 
SR 
(%) 




   
(mm) 
Case 1-WithSag 20 38 35 11 102 356 864 
Case 2-WithSag 20 49 45 9 76 305 813 
Case 3a-WithSag 35 45 35 9.5 127 584 1270 
Case 3b-NoSag 35 45 35 0 228 787 1398 
Case 4a-WithSag 35 60 45 8.5 152 686 1346 
Case 4b-NoSag 35 60 45 0 182 826 1452 
 
6.3 Atmospheric boundary wind profile 
In order to properly reproduce the atmospheric boundary layer (ABL) wind profile for a 
specific terrain, it is required to match the Power law’s exponent (𝛼𝑡), turbulence intensity profile, 
and wind spectra of the fluctuating wind components 𝑢, 𝑣, and 𝑤. In the present study, ABL wind 
profile of an open terrain with 𝛼𝑡 = 0.13 was simulated using three spires and three roughness 
heights distributed from small to large types (see Fig. 6.4).  
  
Figure 6.4: Comparison of measured ABL wind data with AIJ standard. (a) Wind speed profile (b) 
Turbulence intensity profile. 
For validating the simulated terrain, wind speed and turbulence intensity profiles are 
compared in Fig. 6.4 with Architectural Institute of Japan Standard (AIJ) (Architectural Institute 





(𝑍) are normalized with corresponding values at reference point denoted as 𝑈𝑟𝑒𝑓 and 𝑍𝑟𝑒𝑓, 
respectively, which are associated with 10 m height in the field.  
  
 
Figure 6.5: Comparison of reproduced ABL wind data with Tieleman Spectrum. 
Normalized power spectral densities (PSD) of fluctuating wind components generated in 
a wind tunnel and those measured in the field need to be similar for keeping the wind 
characteristics consistent. In this regard, PSD of the fluctuating wind components collected in 



























where 𝑆𝑢𝑢, 𝑆𝑣𝑣, 𝑆𝑤𝑤 are the power spectrum of 𝑢, 𝑣, and 𝑤, respectively; n is the frequency in 
Hertz, and 𝑓𝑧 = 𝑛𝑧/𝑈 is a non-dimensional parameter. Figure 6.5 shows the comparison between 
Tieleman Spectra and PSD of wind components 𝑢, 𝑣, and 𝑤 measured at 𝑍 = 20 cm in wind tunnel, 
which is corresponding to 10 m height in the field based on length scale of 1:50 used here. 
6.4 Results and discussion 
6.4.1 Experimental data 
As described in Section 2, four different cases were tested to assess the influence of yaw, 
inclination, and equivalent yaw angles. Apart from these cases, two non-sagged cases were tested 
to determine the impact of sag ratio on wind-induced response of inclined cables. First and second 
natural frequencies and mechanical damping ratios for all cases were measured in out-of-plane and 
in-plane directions through free vibration test, and the results are shown in Fig. 6.6. The natural 
frequency of the cable model corresponding to sagged cases, Cases 1, 2, 3a, and 4a, are slightly 
different due to slight difference in their initial tensions, and the natural frequencies of non-sagged 
cases, Cases 3b and 4b, are greater than those of sagged cases because of the increase in cable 
















In-plane 1.16 2.25 0.026 
Out-of-plane 1.12 2.19 0.020 
Case 2-WithSag 
In-plane 1.12 2.19 0.028 
Out-of-plane 1.10 2.44 0.023 
Case 3a-WithSag 
In-plane 0.99 1.89 0.025 
Out-of-plane 0.95 1.95 0.019 
Case 3b-NoSag 
In-plane 3.17 6.22 0.027 
Out-of-plane 3.10 6.06 0.024 
Case 4a-WithSag 
In-plane 1.42 2.75 0.021 
Out-of-plane 1.35 2.80 0.022 
Case 4b-NoSag 
In-plane 3.45 6.78 0.025 
Out-of-plane 3.41 6.56 0.023 
 
As mentioned in Section 2, cable’s accelerations were measured with two uniaxial 
accelerometers at each of the two locations along the cable length, Points 1 and 2 (see Fig. 6.3), 
and displacements were calculated using numerical integration of measured accelerations. 
Displacements and accelerations reported hereafter are based on data collected at Point 1, but the 
power spectral density plots are based on acceleration recorded at Point 2. These two locations to 
report displacement/accelerometer and frequency spectrum were selected based on anticipated 
excitation modes and keeping the locations consistent between all cases for the sake of comparison. 
Moreover, Point 1 was chosen as a reference point for data normalization. In Fig. 6.6, time history 
of displacement and PSD of acceleration for Case 1 are shown in both in-plane and out-of-plane 
directions at low, moderate, and high wind speeds tested here. This figure indicates that the cable 
model in Case 1 mostly vibrates in the second mode at low wind speed while it vibrates in modes 
2 and 1 at higher wind speeds. Furthermore, the PSD results show that the value of dominant 







(a) 𝑈𝐶 =1.02 m/s 
  
  
(b) 𝑈𝐶 =6.20 m/s 
  
  
(c) 𝑈𝐶 =9.59 m/s 
Figure 6.6: Time history of displacement and power spectral density of model to different wind 
speeds-Case 1. 
The root-mean-square (RMS) of the displacements and accelerations were normalized with 
cable length (𝐿) and 𝐷𝑛1
2, respectively, where 𝐷 is the cable diameter and 𝑛1 is the first natural 





plane) versus reduced velocity = 𝑈𝑐 𝑛1𝐷⁄ , where 𝑈𝑐 is the mean wind speed at Point 1, and 𝐷 and 
𝑛1 are cable diameter and first natural frequency (in-plane), respectively. It can be seen that in-
plane response is greater than out-of-plane response, and the difference eventually becomes 
significant with increasing reduced velocity. It should be noted that the maximum wind speed for 
the tests was limited to avoid damage to the model due to excessive vibration. 
  
Figure 6.7: Normalized root-mean-square of accelerations and displacements-Case 1. 
 
Figure 6.8 shows the displacement time history and PSD results for Case 2. The cable gets 
excited in the second vibration mode at low wind speed, while the contribution of the first vibration 
mode appears in addition to the second vibration mode at higher wind speed. This behavior of 
excitation mode for Case 2 is consistent with Case 1, while they have similar inclination angle and 
different yaw and equivalent yaw angles. Normalized displacement and acceleration of Case 2 are 
plotted in Fig.6.9. Comparison between wind-induced response of Cases 1 and 2 indicates that the 
displacement amplitude at a given reduced velocity is higher for Case 2 compared with Case 1, 
which  is consistent with a past study (Jafari and Sarkar, 2019) that found the equivalent yaw angle 








(a) 𝑈𝐶 =0.99 m/s 
  
  
(b) 𝑈𝐶 =6.07 m/s 
  
  
(c) 𝑈𝐶 =9.40 m/s 







Figure 6.9: Normalized RMS of accelerations and displacements at different wind speeds-Case 2. 
Structural cables that are used in cable-stayed and suspension bridges or other 
infrastructures usually have a large sag because of dead weight. In bridges especially suspension 
type, sag controls the stability of these long-span structures. Sag ratio, which is denoted as the ratio 
of maximum static deflection to the span of main cable (𝑆/𝐿𝑤), varies from 1/8 to 1/12, with an 
optimum value of 1/10. Studies indicate that cables with smaller sag ratio make the suspension 
bridge more stable in vertical direction, but it increases the cable stress due to higher pretension 
that requires stronger anchorage. Conversely, larger sag ratio for cables reduces the cable tension 
but requires increasing of the bridge tower’s height (Lin and Yoda, 2017). As a result, it is essential 
to investigate the influence of sag ratio on wind-induced vibration of inclined cables. Figure 6.10 
compares the results of sagged (black color) and non-sagged (red color) cables for Case 3a. It can 
be seen from power spectral density plots that the sagged cable (Case 3a) mostly vibrates in the 
third mode at low wind speed, and the contribution of first mode shows up at higher wind speed. 
While non-sagged cable (Case 3b) demonstrates a dominant peak in the first mode with 
participation of higher modes at higher wind speed. Therefore, it can be concluded that cables 





but it differs from its counterpart wherein higher modes also participate, the implication of which 
would be higher peak stress in the non-sagged cables. 
  
  
(a) 𝑈𝐶 =1.09 m/s (WithSag), 1.13 m/s (NoSag) 
  
  
(b) 𝑈𝐶 =6.61 m/s (WithSag), 6.87 m/s (NoSag) 
  
  
(c) 𝑈𝐶 =10.23 m/s (WithSag), 10.64 m/s (NoSag) 





Figures 6.11and 6.12 plot the normalized RMS of accelerations and displacements for Case 3a 
with and without sag, respectively. Comparison of obtained results indicates that the wind response 
of non-sagged cable (Case 4b) in both directions are closer to each other in magnitude than those 
of a sagged cable (Case 3a). Moreover, the vortex-induced vibration can be observed in Figs. 6.11 
and 6.12 for wind speed ranging from 1 to 2 m/s. The “lock-in” wind speed range captured here is 
consistent with those obtained from the Strouhal number equation of an inclined cable presented 
in a past study (𝑆𝑡 = 𝑓𝑠𝐷 𝑈𝑣𝑠 = 0.2cos (𝛽
∗)⁄ ) (Jafari and Sarkar, 2019). It can be seen that the 
displacement of sagged and non-sagged cables are close to each other at a given wind speed while 
having different first-mode reduced velocities due to difference in first natural frequency (𝑛1).  
  
Figure 6.11: Normalized RMS of in-plane and out-of-plane accelerations and displacements-Case 3a. 
  





In another set of experiments, the effects of sag ratio and inclination angle on cable 
vibration were studied in Case 4a. In this case, yaw, inclination, and equivalent yaw angles were 
35°, 60°, and 45°, respectively. PSD results plotted in Fig. 6.13 show that both sagged (Case 4a) 
and non-sagged cables (Case 4b) vibrate in the first mode at low wind speed, while the non-sagged 
cable also have significant participation of higher modes in addition to the first mode at high wind 
speed. This trend for excitation mode is similar to Case 3a, but Cases 1 and 2 followed another 
trend. For a sagged cable, it can be generally concluded that the inclination angle governs the 
excitation mode, while sag ratio and inclination angle are significant parameters for a non-sagged 
cable to determine the excitation mode. A summary of obtained excitation mode(s) based on PSD 
results for different cases is shown in Table 6.3. 
Figures 6.14 and 6.15 indicate the wind response of Case 4a in the form of normalized 
accelerations and displacements for both in-plane and out-of-plane directions. Similar to Case 3a, 
vortex-shedding induced wind excitation of the cable is observed for wind speed ranging from 1 
to 2 m/s. The “lock-in” wind speed range captured here is also similar those obtained from the 
Strouhal number equation of an inclined cable presented in a past study (St=(f_s 
D)⁄(U_vs=0.2cos⁡(β^*))) (Jafari and Sarkar, 2019). For sagged and non-sagged cables studied in 
Case 4a, similar trend can be observed for wind response that was observed in Case 3a with sag 
and Case 3b. Furthermore, the results confirms that although increase of cable tension with wind 
speed increases the natural frequency and thereby changes the reduced velocity, the wind response 









(a) 𝑈𝐶 =1.11 m/s (WithSag), 1.15 m/s (NoSag) 
  
  
(b) 𝑈𝐶 =6.75 m/s (WithSag), 6.98 m/s (NoSag) 
  
  
(c) 𝑈𝐶 =10.44 m/s (WithSag), 10.80 m/s (NoSag) 








Figure 6.14: Normalized in-plane and out-of-plane accelerations and displacements-Case 4a. 
  
Figure 6.15: Normalized in-plane and out-of-plane accelerations and displacements-Case 4b. 
 
Table 6.3 Summary of observed dominant excited 






Case 1-WithSag 2nd 2nd & 1st 
Case 2-WithSag 2nd 2nd & 1st 
Case 3a-WithSag 3rd 3rd & 1st 
Case 3b-NoSag 1st 1st & higher  
Case 4a-WithSag 3rd 3rd & 1st 
Case 4b-NoSag 1st 1st & higher  
 
Natural frequencies of cables depend on the cable tension that is chosen to adjust sag ratio 
and other design parameters. In this regard, the cable tensile force was measured in all test cases 
to track how it changes with wind speed. Figure 6.16 presents the cable tensile force (𝑇) of different 





increased for a few cases by approximately 60%, which results in an increase in the natural 
frequency of the cable in a particular mode (up to 26.5%). Although the percentage of increase in 
tension and natural frequency of a full-scale cable is less than what it was observed here due to 
having large predefined cable tension, it is crucial to account for the changes of cable tension 
owing to wind-induced aerodynamic loads apart from considering the effects of other important 
factors in the design procedure. 
 
Figure 6.16: Effect of wind-induced load on cable’s tension for different cases.  
Studying the motion trajectory of a wind-excited cable is an accepted way to explore the 
correlation of excited modes as well as phase difference between the two motion directions (in-
plane and out-of-plane). Figure 6.17 plots the normalized in-plane and out-of-plane accelerations 
at Point 2 and wind speed 𝑈𝐶 ≃10 m/s. This scatterplot indicates that cable vibration occurs at 
multiple frequencies, and the elliptical shape of the trajectory reveals the existence of phase change 
between the two directions, while the inclination of this ellipse proves the equality of dominant 
excited mode in both directions. This type of motion trajectory for inclined cables has been also 








Figure 6.17: Normalized motion trajectories of cable for different cases at 𝑈𝐶 ≃10 m/s. 
 
6.5 Finite element modeling 
In this section, the wind load parameters of a yawed cable that were identified by Jafari 





cable through finite element analysis (FEA). The goal here is to check the reliability of using 
section model results for prediction of critical reduced velocity of an actual cable structure. The 
experimental results published by Jafari and Sarkar (2019) were used to predict the aerodynamic 
damping and critical reduced velocity of a full-scale cable with sag. Jafari and Sarkar (2019) 
identified the flutter derivatives and buffeting indicial derivative functions of a yawed cable in a 
wind tunnel for different yaw angles. In this study, ABAQUS software, which is a finite-element-
based commercial solver, was used to simulate the self-excited loads. This software was used to 
take advantage of its features in cable modeling while applying gravitational load and axial force 
as a predefined load and modeling aeroelastic forces as external aerodynamic damper attached to 
the cable. Figure 6.18 shows all static and dynamic wind loads acting on an inclined sagged cable 
while there is a yaw angle between wind direction and cable plane. This study focuses only on 
modeling the self-excited forces acting on a cable to capture the dry-cable galloping instability. 
 





6.5.1 Aerodynamic damping identification 
The primary aim here is to estimate the wind-induced aerodynamic damping while 
considering the effect of atmospheric boundary layer wind profile, cable geometry, and boundary 
conditions. For this purpose, a specific case was selected to identify its aerodynamic damping 
changes. Table 6.4 summarizes the details of the selected case for numerical modeling. Before 
modeling the original case, a validation was conducted to evaluate the accuracy of modeling 
aerodynamic damping especially with negative values as viscous dampers in ABAQUS software. 
The details of validation are explained in the next section. 
Table 6.4 Properties of inclined cable used for numerical modeling in 
ABAQUS software. 
Parameters Value 
Length, L  100 m 
𝑍𝑚𝑖𝑛 78 m 
Diameter, D  165 mm 
Axial load, T  2×106 N 
Inclination angle, 𝛼 35.26° 
Yaw angle, 𝛽 60° 
Equivalent yaw angle, 𝛽∗ 45° 
Elastic modulus, E 200 GPa 
Density, 𝜌 7860 kg/m3 
Mass per unit length, me 168.27 kg/m 
6.5.1.1 Validation 
For validation of modeling linear viscous damper with a negative damping coefficient to 
study the onset condition of dry galloping instability that is originated from cable’s negative 
aerodynamic damping in high wind speed, a fixed-fixed beam with a circular cross section 
including three attached lumped dampers were modeled in ABAQUS (see Fig. 6.19). The 







Table 6.5 Properties of simulated circular beam. 
Properties Value 
Young modulus (𝐸) 200 GPa 
Length (𝐿) 100 m 





Mechanical damping, 𝜁  0.05 % 
Damping coefficient 




Figure 6.19: Schematic view of a fixed-fixed beam with external damper.  
 
After applying an initial displacement of 𝑌𝑜 = 0.1 𝑚 at the mid-point of the beam, its 
steady-state response was calculated and compared with results taken from numerical analysis 
using generalized coordinate method for this case (see Fig. 6.20). This comparison reveals a good 
match between these two responses that verifies the accuracy of modeling negative-value viscous 
dampers using connector joint from Interaction Module in ABAQUS. As another validation, the 
first-five natural frequencies of circular beam identified with both approaches are compared in 
Table 6.6, which shows less than 4% error between them.  
 







Table 6.6 Comparison of identified natural 
frequencies in Hertz from ABAQUS and theory. 
Natural Frequency ABAQUS Theory 
Mode 1 5.699 5.703 
Mode 2 15.698 15.720 
Mode 3 30.739 30.818 
Mode 4 50.739 50.944 
Mode 5 75.661 76.102 
 
6.5.1.2 Numerical results 
After validation of the procedure to model viscous dampers with negative damping, the 
original case summarized in Table 6.4 was used as the cable model with viscous dampers attached 
at discrete locations in along- and across-wind directions. Pin-pin connection type was used at both 
ends of the cable while making it free along the axis at one end to apply the axial force. Beam 
elements were used for the FEA modeling. Figure 6.21 shows the grid independency used to 
determine the appropriate mesh number. It can be seen that the first- and second-mode natural 
frequencies are unchanged beyond a certain value of mesh size.  
 
Figure 6.21: Grid independency of modeled cable using ABAQUS. 
 
Table 6.7 shows a good consistency between the calculated first-five natural frequencies 


















where 𝑓 is the natural frequency, 𝑞 is the vibration mode number, 𝐸 is the Young module, 𝑇 is the 
cable force, 𝐿 is the cable length, and 𝑚 is the mass per unit length. 
Table 6.7 Comparison of identified natural 
frequencies from ABAQUS and theory for modeled 
full-scale cable. 
Natural Frequency, n (Hz) ABAQUS Theory 
Mode 1 0.568 0.546 
Mode 2 1.142 1.098 
Mode 3 1.728 1.662 
Mode 4 2.332 2.242 
Mode 5 2.959 2.846 
 
To calculate the overall aerodynamic damping for this inclined cable, wind profile was 
generated for a terrain with Power law’s exponent of 0.13, and then self-excited load terms was 
modeled along the cable axis by attaching 16 viscous dampers in along-wind direction and 16 
viscous dampers in across-wind direction. The damping constants for the dampers in the across-
wind and along-wind directions at a given wind speed were found from identified flutter 
derivatives 𝐻1
∗ and 𝑃1
∗ by Jafari and Sarkar (2019). Afterwards, the cable damping, which is purely 
aerodynamic damping due to defining zero mechanical damping, was calculated through free 
vibration test while applying gravitational force and cable axial force, and the wind-induced 
aerodynamic damping results are shown in Fig.6.22. This figure indicates the along- and across-
wind aerodynamic damping of an specific inclined cable, as explained in Table 6.4, for different 
reduced velocities normalized with wind speed (𝑈𝑐) located at mid-point of cable. This graph 
demonstrates that the across-wind aerodynamic damping becomes negative beyond a certain 
reduced velocity depending on several factors associated with cable properties and wind profile. 





dimensional section-model tests, the proposed empirical equation based on these tests is compared 
in Fig. 6.22 with present results for a full-scale cable. It should be noted that it is assumed that the 
mechanical and aerodynamic damping are equal at critical reduced velocity for plotting the values 
using the proposed equation. For a specific aerodynamic damping, it can be seen that the critical 
reduced velocity of an actual cable considering the effects of wind profile, boundary condition, 
axial force, and mode shape contribution (red color) is higher than the proposed criterion based on 
free vibration test on section model. This means consideration of other factors is needed to 
accurately predict the critical reduced velocity for galloping of an inclined cable. Furthermore, it 
is required to know the excitation mode for defining the critical reduced velocity. 
 
Figure 6.22: Aerodynamic damping calculated from numerical simulation. 
6.6 Conclusions 
Inclined smooth cables that are used to secure the main structure have different applications 
including but not limited to cable-stayed and tied-arch bridges, and suspended roofs. Structural 
cables exposed to extreme wind-induced loads experience moderate to large-amplitude vibrations 
because of their low inherent damping. The vulnerability to wind-induced vibration can cause 





to explore the aeroelastic behavior of the long-span cables in atmospheric boundary layer wind. In 
this study, a series of wind tunnel tests were performed on a newly designed flexible cable to build 
an aeroelastic model of the cable to better understand the wind-induced response of a full-scale 
cable in extreme wind such as hurricane and thunderstorm. For this purpose, the effects of different 
parameters including sag ratio and wind directions were studied in an atmospheric boundary layer 
wind with mean wind speed and turbulence intensity profiles of an open terrain. Wind response 
was measured for a range of wind speeds using four accelerometers attached to the model. Cable 
tensile force was also monitored during all experiments to find the correlation of wind speed, 
excited mode, and natural frequency of the cable due to the change in cable tension. In the second 
part of this study, a series of finite element analyses were conducted to estimate the wind-induced 
aerodynamic damping of an inclined full-scale cable. The results from the aeroelastic model study 
indicated that excitation mode primarily depends on inclination angle, sag ratio, and wind speed. 
For all cases, first, second, third vibration modes appeared at low wind speed, and higher modes 
were observed at high wind speed. The results indicate that cable tensile force dramatically 
increases with wind speed and results in increase in  the value of cable’s natural frequency due to 
increase in stiffness.  It was also found from numerical analysis that the section-model-based 
criterion is more conservative to predict the critical reduced velocity for predicting dry galloping 
instability. Neglecting the effective parameters such as wind speed profile, boundary conditions, 
axial and gravity forces, and mode shape contribution can be the reason why section-model-based 
criterion is more conservative.  
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 CHAPTER 7. GENERAL CONCLUSIONS  
 
7.1 Parameter identification of wind-induced buffeting loads and onset criteria for dry-
cable galloping of yawed/inclined cables 
Inclined cables of long-span bridges have frequently experienced moderate to large-
amplitude motions during the past few decades because of phenomena such as rain-wind induced 
vibration, vortex-induced vibration, iced-cable galloping, wake galloping, and dry-cable galloping. 
In this paper, dry-cable galloping was studied by conducting wind tunnel tests to measure the 
aerodynamic and aeroelastic loads of a yawed dry cable. A series of static and dynamic 
experiments were performed to extract flutter derivatives and buffeting indicial derivative 
functions associated with self-excited and buffeting loads, respectively. For this purpose, all 
experiments were conducted on a section model of a smooth cable under uniform and 
smooth/gusty flow conditions in the AABL Wind and Gust Tunnel. According to the literature, 
the aerodynamic behavior of an inclined and/or yawed cable can be found from that of a yawed 
cable only using the definition of equivalent yaw angle. For the sake of simplicity, all wind tunnel 
experiments were conducted only for a yawed cable, and the results can be applied to find the 
aerodynamic properties of an inclined and/or yawed cable. Static wind tunnel tests of surface 
pressure distribution and load measurements on a cable model resulted in proposing an empirical 
equation for predicting the mean drag coefficient and Strouhal number for yaw angles ranging 
from 0° to 45º while the mean lift coefficient was found to be zero in the subcritical Reynolds 
number regime. Results indicate that the mean drag coefficient decreases with increasing yaw 
angles, which would increase the vulnerability of the dry-cable galloping following the Den-





derivative functions for the yawed cables were extracted for various yaw angles in the range of 0º 
to 45º and empirical equations were proposed for the same, which would be useful for computing 
buffeting loads at various yaw angles. The results show that the aerodynamic admittance function 
at a given reduced velocity has a lower value in the along-wind direction (𝜒𝑝
2) and has a higher 
value in the across-wind direction (𝜒ℎ
2) for cables at higher yaw angles. For dynamic 1DOF tests, 




∗) of a yawed cable were identified from a 
measured response of a section model in free vibration for yaw angles ranging from 0º to 45º. 
Empirical equations were extracted to predict the critical wind speed for dry-cable galloping of a 
cable at a specific yaw angle based on its Scruton number. Results showed that the critical 
equivalent yaw angle is 45º for dry-cable galloping in vertical motion. Additionally, a strong 
agreement between the present instability criterion for dry-cable galloping based on the critical 
equivalent yaw angle and those from two other well-known studies was found. In the present study, 
separate instability criterion was found for cables with different equivalent yaw angles. Finally, a 
simplified design procedure was introduced to estimate the minimum damping required to prevent 
the dry-cable galloping up to the design wind speed of the cable structure, which will help to 
estimate the additional damping required for an individual cable based on its orientation and site 
characteristics of the cable structure’s location. Furthermore, the aerodynamic and aeroelastic 
cable load parameters obtained here are significantly helpful in predicting the response of 






7.2 A numerical simulation method in time domain to study wind-induced excitation of 
traffic signal structures and its mitigation 
Traffic signal structures, commonly used to control traffic, have exhibited fatigue failure 
in their connections due to wind-induced vibration. In this paper, a generalized method is proposed 
for predicting the coupled across-wind and along-wind response of a traffic signal light structure 
in either a normal or a yawed wind by combining the aerodynamic and aeroelastic properties of 
this multi-component structure with a numerical simulation technique to generate wind loads and 
resulting response in the time domain. For this purpose, wind tunnel tests were conducted in the 
AABL Wind and Gust Tunnel located at Iowa State University. The tests included static and 
dynamic tests on section models of a circular cylinder representing a section of the tapered mast 
arm, and 1/4.2 and 1/1.7 scaled section models of signal light units under uniform and smooth 
and/or gusty flow conditions over a range of yaw angles (0º to 45º) and wind speeds. The 
aerodynamic sectional properties and parameters for self-excited, vortex-shedding, and buffeting 
loads of circular cylinders and signal light units were separately extracted from wind tunnel test 
data and used to numerically simulate the response of the signal structure under both normal and 
yawed wind conditions for wind speeds ranging up to 9 m/s. From static experiments, drag and lift 
coefficients, and the Strouhal number were measured for both a circular cylinder and a signal light, 
and the aerodynamic damping and stiffness parameters, vis-à-vis flutter derivatives (𝐻1
∗, 𝐻4
∗), and 
parameters describing 1DOF vortex-shedding load (𝑌1, 𝜀), and the buffeting indicial derivative 
functions required to estimate the buffeting loads were extracted at different reduced velocities. 
After extracting all required parameters, the generalized coordinate technique was used to simulate 
the dynamic motion of a specific signal structure that had been used in a field-measurement study. 





lateral directions at wind speeds ranging from 0 to 9 m/s. From the simulation results, vortex 
shedding of the mast arm was found to be the primary source of vibration at low wind speeds, 
while the present results of amplitude and wind speed range for large-amplitude motions showed 
a good match with results of full-scale measurements. Moreover, the calculated stress on the 
connection between mast arm and vertical support indicate that the maximum stress exceeds the 
allowable stress of 17.93 MPa, possibly causing fatigue failure over time. To mitigate the large-
amplitude motion of a signal structure, a modified signal light unit with an integrated aerodynamic 
damper was designed for vertical and horizontal signal lights using modifications that could be 
easily incorporated into existing signal lights. The vertical response of the example signal light 
compared with that of the modified signal lights show that this new design can significantly reduce 
vibration of the signal structure. This new signal light design mitigates the signal structure not only 
in the “lock-in” regime, but also over the entire range of velocities studied by adding positive 
aerodynamic damping to the system. The fatigue life of the signal structures is expected to increase 
if the modified signal lights are used. 
7.3 Wind tunnel study of wake-induced aerodynamics of parallel stay-cables and power 
conductor cables in a yawed flow 
Inclined cables have frequently shown moderate- to large-amplitude vibration due to wind 
excitation that causes damage. This paper primarily studies the flow characteristics of smooth and 
grooved cylinders placed in the wake of another one representing a section model of smooth cables 
used, for example as stay-cables in bridges, and grooved cables used as helically-wound 
conductors in power transmission lines. However, the results of this study are applicable for other 
applications of circular cylinders and are not limited to structural cables and conductors. In this 





tandem arrangement by performing wind tunnel experiments in static condition. The wind tunnel 
tests were conducted for different yaw angles and space ratios (normalized distance between the 
cylinders) for a range of Reynolds number. For this purpose, two polished tubes with an aspect 
ratio (length to diameter) of 12, and two grooved cylinders with an aspect ratio of 27, as made by 
a 3D printer, were employed to capture the surface pressures on the cylinder at yaw angles of 0º, 
15º, 30º, and 45º. The pressure data was recorded by the pressure taps that were distributed 
circumferentially along three separate rings and along the axis of the cylinder to investigate the 
flow behavior around the cylinder and its spanwise direction. The Strouhal number and drag 
coefficient were calculated for different space ratios and yaw angles. For both models with smooth 
and grooved surfaces, the results indicate that the Strouhal number of a yawed cylinder is smaller 
than the normal case at a given Reynolds number while the Strouhal number of downstream 
cylinder is smaller than the Strouhal number of a single cylinder. Furthermore, the drag coefficient 
of a grooved cylinder is almost constant in the range of Reynolds number tested in this study, while 
a drag reduction was observed for smooth cylinder with increasing Reynolds number. The 
spanwise flow behavior of the cylinder was investigated by showing the contour plots of 
normalized coherence coefficients that were identified from spanwise pressure distribution. For all 
space ratios, the normalized coherence coefficient of non-yawed cylinder (𝛽 =0°) becomes close 
to zero beyond the aspect ratio of 9. Therefore, the obtained results indicate that the minimum 
aspect ratio for yawed cases should be greater than 10 to capture the uncorrelated data. 
Furthermore, the comparison shows that the range of Strouhal number with non-zero coherence 
coefficient increases as yaw angle increases, and the peaks for yaw angle of 45º are not as dominant 
as other yaw angles indicating either absence or reduced strength of vortex shedding. This 





magnitude with increasing yaw angle and helps to reduce the strength of vortex shedding from the 
cylinder through its interaction with the vortices shed from the opposite sides of the cylinder.  
7.4 Identification of wind-load parameters to predict response and onset of dry and ice 
galloping of power transmission lines 
Power transmission lines are prone to large-amplitude vibration due to wind-induced loads 
because these cables have low mechanical damping. Consequently, these vibrating conductors  can 
get damaged resulting from flashover, wire burning, tripping, structural or fatigue failure or cause 
transmission-line tower collapse, accidents, and interphase short circuit, . Therefore, it is crucial 
to explore the primary sources of their galloping-type vibration in dry and iced conditions. This 
study focuses on the identification of wind-induced load parameters of yawed and/or inclined 
conductors exposed to static, self-excited, and buffeting forces and then provides the design 
procedure and empirical equations to predict the galloping instability of conductors in dry and iced 
conditions. In this regard, a series of wind tunnel experiments were performed to measure the 
aerodynamic forces (𝐶𝐷, 𝐶𝐿) and Strouhal number (𝑆𝑡) of yawed and non-yawed conductors using 
the surface pressure measurement. The results demonstrated that the mean drag coefficient and the 
Strouhal number reduces with increasing yaw angle at a given Reynolds number, while the mean 
lift coefficient was found to be zero for all cases. Furthermore, a reduction in the mean drag 
coefficient and a jump in the Strouhal number were observed at the Reynolds numbers from 2×104 
to 6×104, which are consistent with past studies on rough cylinders. The dynamic response of a 
section model representing a section of a full-scale conductor was recorded in a one-degree-of-
freedom system by employing a free vibration setup, and the flutter derivatives (𝐻1
∗, 𝐻4
∗) were 
identified at yaw angles ranging from 0º to 45º. The results showed that a bare conductor has the 





artificial ice made of foam with two different thicknesses (Ice I & Ice II) were used to capture the 
ice-conductor galloping at yaw angle of 45º, and the case “Ice I” with smaller thickness amongst 
the two ice cases at 𝛽 = 45° was found to be the most critical case amongst all  dry and iced 
conductors tested. Empirical equations to determine the aerodynamic and aeroslastic load 
parameters as well as critical velocity for dry and ice galloping were derived from the 
measurements. A procedure was introduced to estimate the least required damping ratio to 
suppress the large-amplitude vibration for velocities up to the design wind speed. The identified 
wind load parameters presented here can be used to numerically simulate the dynamic load, 
response, and stress acting on a conductor for dry and ice power transmission lines in atmospheric 
boundary layer conditions at a special site. 
7.5 Wind-induced response characteristics of a yawed and inclined cable in ABL wind: 
experimental- and numerical-model based study 
Inclined smooth cables that are used to secure the main structure have different applications 
including but not limited to cable-stayed and tied-arch bridges, and suspended roofs. Structural 
cables exposed to extreme wind-induced loads experience moderate to large-amplitude vibrations 
because of their low inherent damping. The vulnerability to wind-induced vibration can cause 
catastrophic damage or even failure of the structure secured by cables. In this regard, it is crucial 
to explore the aeroelastic behavior of the long-span cables in atmospheric boundary layer wind. In 
this study, a series of wind tunnel tests were performed on a newly designed flexible cable to build 
an aeroelastic model of the cable to better understand the wind-induced response of a full-scale 
cable in extreme wind such as hurricane and thunderstorm. For this purpose, the effects of different 
parameters including sag ratio and wind directions were studied in an atmospheric boundary layer 





was measured for a range of wind speeds using four accelerometers attached to the model. Cable 
tensile force was also monitored during all experiments to find the correlation of wind speed, 
excited mode, and natural frequency of the cable due to the change in cable tension. In the second 
part of this study, a series of finite element analyses were conducted to estimate the wind-induced 
aerodynamic damping of an inclined full-scale cable. The results from the aeroelastic model study 
indicated that excitation mode primarily depends on inclination angle, sag ratio, and wind speed. 
For all cases, first, second, third vibration modes appeared at low wind speed, and higher modes 
were observed at high wind speed. The results indicate that cable tensile force dramatically 
increases with wind speed and results in increase in  the value of cable’s natural frequency due to 
increase in stiffness.  It was also found from numerical analysis that the section-model-based 
criterion is more conservative to predict the critical reduced velocity for predicting dry galloping 
instability. Neglecting the effective parameters such as wind speed profile, boundary conditions, 
axial and gravity forces, and mode shape contribution can be the reason why section-model-based 
criterion is more conservative.  
7.6 Future work 
Although the aerodynamics of inclined cables and power transmission lines has been 
studied through experimental and numerical methods, further investigation is needed to study the 
effects of extreme wind on dynamic response of these structures using other methods such as field 
measurement and CFD modeling. The following suggestions are recommended for future work on 
dry and ice galloping of structural cables.   
 Investigating the wind-induced response behavior of full-scale cables with various cable 





 Investigating the effects of realistic ice formation on aerodynamics of smooth cables and 
power transmission lines.  
 Establishing a relationship between results from section model tests of cables in a wind 
tunnel and response of full-scale cables through numerical simulations like the one 
conducted in this study and through field observations. For example, validating the 
empirical criteria, as developed in this study, to predict critical reduced velocity for dry 
cable galloping based on section-model experiments by performing and analyzing the data 
from field measurements of cable response in wind.  
In the second part of this work, a series of wind tunnel tests were performed to study the 
fundamental vibration sources of traffic signal structures, and numerical simulations based on 
measured wind tunnel data showed that vortex-induced vibration could cause low- to moderate-
amplitude vibration for this structure. However, the following recommendations may help for 
better understanding of the wind response of traffic signal structures in order to propose the 
solution for mitigating or suppressing this undesirable vibration.  
 Conducting wind tunnel tests at higher wind speeds in uniform and gusty winds to explore 
the probability of galloping phenomenon for this structure. 
 Performing wind tunnel experiment and numerical analysis for other cases with longer and 
shorter mast arms and various configurations for signal light units. 
 Using CFD modeling, study the fluid-structure interaction for this structure in atmospheric 
boundary layer wind and various wind directions to determine its vulnerability to large 
response in extreme wind.  
